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Total Fatigue Life: Crack Initiation and Crack Propagation

May 21, 2015

Previous SAE FD&E Analysis to Test Correlation Effort Results™

A brief summary of the fatigue theories and strategies employed by the various software
packages used to compute fatigue lives is given below. A common feature of all of the
analysis 1s that they used what may be termed the strain-life method. Commonality
ends there. They all used different notch rules and fatigue damage models.
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Total Fatigue Life: Crack Initiation and Crack Propagation

2) SAE FD&E “T-Bar” Test/Analysis Effort

1) Real World Engineering Problems

Geometry? Loading ??? Mat’l Prop??

Fatigue
BUe  le—

Damage??

Known
Fatigue Life

Unknown
Fatigue Life

From Fatigue
Tests

Leiend

Lower Confidence Inputs?,??,2??

Define Improved Practice??

This effort is using “very well defined/controlled analysis inputs” to address an engineering
problem to validate (or not) a potential “Total Fatigue Life Prediction Improved Practice”

May 21, 2015 SAE FD&E 4



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

Machined
Specimen Configuration and Test Fixture/FEM Boundary Conditions

Eliminate the weld entirely — machine the entire specimen =
from the 101.6 mm x 101.6 mm bar. Duplicate, by machining, :
the weld profile and weld toe radius as closely as possible so
the sample is consistently made from the same material.
Comparing the test results from these samples relative to the
test results from the previously welded samples. This will
confirm (or not) how sound an assumption it is to use the
base material properties when analyzing welded structures.

May 21, 2015 SAE FD&E



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Specimen in Test Fixture

May 21, 2015 SAE FD&E



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Specimen in Test Fixture/ for FEM Boundary Conditions

222.25mm
From Applied
Load Line to
Radius

May 21, 2015 )
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analytical/Experimental Results: Local Strain Cl + G. Glinka CP Analysis - 1

Test Test Max Stress Max Strain  Setup Cycle Test Life (TL) Predicted Predicted Predicted CHCP Lifef Cl+CP| CI | CP
Specimen Load R Ratio Level Level R Ratio Cycle Counter Cl Life CP Life CI+CP Life Test Life (TL) TL | TL| TL
Number Kn Dimensionless Mpa ue Dimensionless Cycles or Blocks| Cycles or Blocks Cycles or Blocks Cycles or Blocks| Dimensionless

22 24 0.3 870.44 4150 0.0 266,012 68,750 117,374 186,124 0.70 0.70 |0.26]|0.44
25 24 0.3 870.44 4150 0.3 218,671 62,430 54,606 117,036 0.54 0.54 |0.29]0.25
35 24 0.3 870.44 4150 0.3 200,464 68,180 54,753 122,786 0.61 0.61 |0.34|0.27
19 24 0.1 870.44 4150 0.1 58,481 29,360 41,354 70,714 1.21 1.21 |0.50]|0.71
23 24 0.1 870.44 4150 0.1 70,011 29,710 41,920 71,630 1.02 1.02 |0.42|0.60
20 18 0.1 652.83 3113 0.1 411,745 98,750 205,590 304,340 0.74 0.74 |0.24]|0.50
24 18 0.1 652.83 3113 0.0 424,431 101,900 225,421 327,321 0.77 0.77 |0.24|0.53
26 10.8 -1.0 391.70 1868 None 214,765 57,030 115,000 172,030 0.80 0.80 |0.27]|0.54
27 10.8 -1.0 391.70 1868 None 271,951 56,870 115,000 171,870 0.63 0.63 |0.21|0.42
29 24 *Block: 0.1/.5 870.44 4150 0.1 7.2 2.5 5.0 1.5 1.04 1.04 |0.34]0.70
30 24 *Block: 0.1/.5 870.44 4150 0.1 6.7 2.5 5.0 1.6 1.13 1.13 |0.38]0.75
32 24 Variable Amplitude 870.44 4150 None 28.0 47.5 25.3 72.9 2.60 2.60 |1.70|0.90
33 24 Variable Amplitude  870.44 4150 None 29.0 46.1 24.3 70.5 2.43 2.42 |1.59|0.84
Note: ¥5,000 24Kn R=0.1 Cycles followed by 40,000 24Kn R=0.5 Cycles
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

__1_aSpecimen_33_MACH_VA3_Tx3_Bx1_Sx2_in1 Ch 2 : data@MTS_FORCE RN_1
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Miner’s Rule.

Based on the plot in the lower right corner above, should the T-Bar crack initiation Sum(D) = 0.1 (rather then 1.0) for the
variable amplitude test history? If so, the current crack initiation predictions are of the magnitude needed to predict a
total fatigue life (crack initiation + crack propagation) approximately equal to the experimental total fatigue life.




Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analytical/Experimental Results — Local Strain Cl + G. Glinka CP Analysis - 2

Test Test Max Stress Max Strain  Setup Cycle Test Life (TL) Predicted Predicted Predicted CI+CP Life/ Cl+CP| O | CP
Specimen Load R Ratio Level Level R Ratio Cycle Counter Cl Life CP Life CI+CP Life Test Life (TL) TL | TL| TL
Number Kn Dimensionless Mpa ue Dimensionless Cycles or Blocks| Cycles or Blocks Cycles or Blocks Cycles or Blocks| Dimensionless
22 24 0.3 870.44 4150 0.0 266,012 68,750 117,374 186,124 0.70 0.70 |0.26]0.44
25 24 0.3 870.44 4150 0.3 218,671 62,430 54,606 117,036 0.54 0.54 |0.29]0.25
35 24 0.3 870.44 4150 0.3 200,464 68,180 54,753 122,786 0.61 0.61 |0.34]0.27
19 24 0.1 870.44 4150 0.1 58,481 29,360 41,354 70,714 1.21 1.21 |0.50]0.71
23 24 0.1 870.44 4150 0.1 70,011 20,710 41,920 71,630 1.02 1.02 |0.42]|0.60
20 18 0.1 652.83 3113 0.1 411,745 08,750 205,590 304,340 0.74 0.74 |0.24]0.50
24 18 0.1 652.83 3113 0.0 424,431 101,900 225,421 327,321 0.77 0.77 |0.24]0.53
26 10.8 -1.0 391.70 1868 None 214,765 57,030 115,000 172,030 0.80 0.80 |0.27]0.54
27 10.8 -1.0 391.70 1868 None 271,951 56,870 115,000 171,870 0.63 0.63 |0.21]0.42
29 24 *Block: 0.1/.5 870.44 4150 0.1 7.2 2.5 5.0 1.5 1.04 1.04 |0.34]|0.70
30 24 *Block: 0.1/.5 870.44 4150 0.1 6.7 2.5 5.0 1.6 112 1.13 |0.38]0.75
32 24 Variable Amplitude 870.44 4150 None 28.0 4.8 25.3 30.1 1.07 1.07 |0.17]|0.90
33 24 Variable Amplitude  870.44 4150 None 29.0 4.8 24.3 29.1 1.00 1.00 10.16]0.84
Note: ¥5,000 24Kn R=0.1 Cycles followed by 40,000 24Kn R=0.5 Cycles
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Total Fatigue Life: Crack Initiation and Crack Propagation Lambda Tohnologies

1_aSpecimen_33_WMACH_VA3_Tx3_Bx1_Sx2_in1_Ch 2 : data@MTS_FORCE RN_1 Plane B

Plane C
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Total Fatigue Life: Crack Initiation + Crack Propagation Analysis

For All Preceding Analysis:
Define Cl and CP (ai = ro®)

/ Stage 11

May 21, 2015 SAE FD&E
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analvtical/Experimental Results — Traditional Analvsis

Test Test Max Stress Stress Setup Cycle Test Life (TL) Predicted Predicted Predicted CI+CP Life/ CCPl P
Specimen  Load R Ratio Level  Concentration R Ratio Cycle Counter Cl Life CP Life CI+CP Life Test Life (TL) TL | TL TL
Number Kn Dimensionless Mpa Kt Dimensionless Cycles or Blocks| Cycles or Blocks Cycles or Blocks Cycles or Blocks| Dimensionless (Edge Crack)
22 24 0.3 438.00 1.784 * 266,012 167,399 33,301 200,700 0.75 0.75 |0.63 0.13
25 24 0.3 438.00 1.784 * 218,671 167,399 33,301 200,700 0.92 0.2 |0.77 0.15
35 24 0.3 438.00 1.784 * 200,464 167,399 33,301 200,700 1.00 1.00 |0.84 0.17
19 24 0.1 438.00 1.784 * 58,481 46,780 10,301 57,081 0.98 0.98 |0.80 0.18
23 24 0.1 438.00 1.784 * 70,011 46,780 10,301 57,081 0.82 0.82 |0.67 0.15
20 18 0.1 366.00 1.784 * 411,745 204,242 43,961 248,203 0.60 0.60 |0.50 0.11
24 18 0.1 366.00 1.784 * 424,431 204,242 43,961 248,203 0.58 0.58 |0.48 0.10
26 10.8 -1.0 219.60 1.784 * 214,765 46,788 10,694 57,482 0.27 0.27 |0.22 0.05
27 10.8 -1.0 219.60 1.784 * 271,951 46,788 10,694 57,482 0.21 0.21 |0.17 0.04
29 24 *Block: 0.1/.5 438.00 1.784 * 7.2 7.4 1.0 8.4 1.16 1.16 |1.02 0.14
30 24 *Block: 0.1/.5 438.00 1.784 * 6.7 7.4 1.0 8.4 1.25 1.25 |1.10 0.15
32 24 Variable Amplitude 488.00 1.784 * 28.0 22.3 1.0 23.3 0.83 0.83 |0.80 0.04
33 24 Variable Amplitude  488.00 1.784 * 29.0 22.3 1.0 23.3 0.80 0.80 ]0.77 0.03
Note: *5,000 24Kn R=0.1 Cycles followed by 40,000 24Kn R=0.5 Cycles
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Total Fatigue Life: Crack Initiation + Crack Propagation Analysis

For All Preceding Analysis:
Define Cl and CP

(ai = 0.5mm x 8 mm for 1 to 2 cycles then transitions to an edge crack for the remaining fatigue life)

May 21, 2015 SAE FD&E 14



Total Fatigue Life: Crack Initiation + Crack Propagation Analysis
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Total Fatigue Life: Crack Initiation and Crack Propagation

Glinka Method: Red=CI+CP, Blue= CI, Green= CP
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Total Fatigue Life: Crack Initiation + Crack Propagatlon Anal
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Total Fatigue Life: Crack Initiation + Crack Propagation Analysis
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Total Fatigue Life: Crack Initiation + Crack Propagation Analysis

24 kN, VA, Block Loading, R= 0.1 (5k cycles) / R= 0.5 (40k cycles)
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Followed By 24 kN/R=0.5 (40k Cycles)
Crack Has Just Progressed To Free Ends

Specimen_30_MACH11_VA2_301938_in1 Ch 2 : data@MTS_FORCE.RN_1
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Total Fatigue Life: Crack Initiation and Crack Propagation Lambda Tohnologies

1_aSpecimen_33_WMACH_VA3_Tx3_Bx1_Sx2_in1_Ch 2 : data@MTS_FORCE RN_1 Plane B

Plane C
Measurement |x (mm) z (mm)|x (mm) z (mm)
111 0 : 495
89 489
7.8 425
6.8 36.4
6.0 311
49 26.7
4.0 239
2.5 _ ___16.8

09515

Mississippi State (Stephen J. Horstemeyer) 120 Variable Amplitude Total Fatigue Life (CI+CP)

Starting from Initiation By T. Cordes
Blocks Re- E
Edge of Into Mat'l | Referenced E
Sample in pm | Blocks in pm| From Last — L] [mm] _
Striation g 1{}“ Bl a u
372.34 244.05 10.5 é ® a Measured (SH)
239.56 266.8 11.5 e O a MEESI.II'Ed tm_ll O
268.88 109.91 12.5 H 80 -
256.16 130.3 13.5 G -2 [mm]
411.59 142.71 14.5 ol a
308.17 153.05 15.5 % ® 2C Measured (SH) o
332.99 200.62 16.5 5 60 | O 2cm
easured (DH
254.4 210.97 17.5 w (DH)
345.4 409.52 18.5 i
1027.93 44472 19.5 -
= 40
1110.63 395.04 20.5 =
515.01 21.5 %
614.28 22.5 a
649.44 23.5 -
761.12 24.5 E 20
767.32 25.5 J
1207.86 26.5 =
1100.32 27.5
2667.4 28.5 0
0 5 10 15 20 25 30 35
4928.35  10990.44 Blocks (Repeats of Variable Amplitude Time History) To Failure




Total Fatigue Life: Crack Initiation and Crack Propagation

Glinka's | Traditional
No. Issue Method Method
1 |Makes LEFM crack propagation predictions when "bulk" mat'ls are elastic Yes Yes
2 |Makes NLEFM crack propagation predictions when "bulk" mat'ls becomes plastic!!! Yes No
3 |Utilizes "libraries" of SIF's utilizing the specific elastic strass distribution/state for that geometry Yes Yes
4 |Utilizes "libraries” of UWF's inputting the LFEM stress distribution (NL?) for a generically defined geometry!!! Yes No
5 |Calculates the crack aspect ratio change as a two dimensional crack grows thru the thickness!!! Yes No
6 |When making Total Fatigue Life CI+CP predictions, the CP ai is a defined value Yes Mo - Guess
7 |Significant high confidence libraries of crack growth mat'l property fit constants exist for methodolgy No No?- A?,P?
8 |One mat'l property fit well defined collapsed curve/constants is obtainable from 3 to 5 R ratio data sets Yes |No?- Walker?
9 |Mat'l property R ratio data sets are obtainable by digitizing the appropriate R ratio curves from literature Yes Yes
10 | When making Total Fatigue Life CI+CP predictions the method uses fundamentally the same s-e tracking math!!! Yes No
11 |Residual stress distribution input ability for calc. of K(residual) and proper incorporation into crack damage model!!! Yes No
12 |Doesn't use conventional rainflow counted cycles because they are not proper peak-valley sequence fo CP!!! Yes Mo

The preceding presentation documents conclusively that when Gregory Glinka’s

“elegant” crack growth prediction methodology is linked with it’s (consistent physics
and mathematics) crack initiation methodology, that total fatigue life predictions are
achievable to a degree of accuracy never before considered possible. The linked
methodology even defines the cycle by cycle changing crack depth relative to width
versus cycles from initiation to failure. This has even been accomplished using A36
steel — one of the most “method challenging” materials.




Total Fatigue Life: Crack Initiation + Crack Propagation Analysis

Thank You
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Total Fatigue Life: Crack Initiation + Crack Propagation Analysis

Setup Cycle: T-Bar Specimen Non Linear Material Loading -Using 1st Cycle Stress-Strain Curve

1000

- '_\T\

400 .

200 X3

[,
’,r'— \1:\ e Full Load Linear FEM
= == = Fyll Load ML FEM

6 18 20— 2a 26

'/ “‘Q%

\

-1000
<--- Tensile (front) Distance through thickness (mm)

s N0 Load Residual Stress

YY Stress (Mpa)
=
[
[=]
=
(%]
=
[/
[/
F i
/

Compression (back) —=
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Total Fatigue Life: Crack Initiation + Crack Propagation Analysis

600

550

300 4

450
400
350
300
250
200
150
100

50

YY Stress (Mpa)
=)

-100
-150
-200
-250
-300

-550
-600

Setup Cycle: T-Bar Specimen Non Linear Material Loading -Using 1st Cycle Stress-Strain Curve

2

<--- Tensile (front) Distance through thickness (mm) Compression (back) ---=

May 21, 2015
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—4—Full Load
=@—Unload 12 kN - R=0.5
=be=Unload 7.2 kN - R=0.3
—#—Unload 2.4 kN - R=0.1
—4#—Full Unload - R=0.0

25



Total Fatigue Life: Crack Initiation + Crack Propagation Analysis

Setup Cycle: T-Bar Specimen Non-linear Material Loading - Using Cyclic Stress-Strain Curve
550

300

450

400

350

300

250

200

150

100

= Full Load

20
—l—Unload 12 kM - R=0.5

—de—nload 7.2 kN - R=0.3

YY Stress [Mpa)
)

=#=Unload 2.4 kN - R=0.1
-100

=== Full Unload - R=0.0

-150

-200

-230

-300

-330

-400

-450

-500

-550
<--- Tensile (front) Distance through thickness {mm) Compression (back) =
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

Maintain Exact — Same Steel Pedigree

(Material Characterization) Definition/Documentation

Purchased “Enough” 4
A36 20ft HR bars

>

S

>

May 21, 2015

SAE FD&E

Microstructure,

Chemistry &
Hardness
Sample
I—ls.m 26, 79 UNIT:
i \I .
[
9233 3 IOIIIS
nazo  ~ §
228.60
n.sz_gﬁﬁm-\ A
k}q\ l 227
See Fig. 1 for + — et -
ummbdm“‘--. l\'-J_,-"‘l 40005 l -
. j | ]

’ W
- B |
a
=W £ D.005W

W L
Recommended Thickness: —sBs—
20 4

Suggested Min. Dimenslons: W = 28 mm (1.0in)
@ = 0.20W

e 1.25W 2 0.010W ————=

FIG. A1.1 Standard Compacl-Te;:sion C(T) Specimen for Fatigue
Crack Growth Rate Testing
W=76.2 mm (3 in), B=19.05 mm (0.75 in) 28



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

Steel Microstructure, Hardness, Grain Size and Chemistry

L

* Longitudinal
Section

* Hardness: 79 HRB

* Grainsize: 6

verage D 199 D.212 0.837 D.237 D.012 D 0“ 0.093 D.100 0. 0.260
Std_Deviation 0.009 ___D.0003 0009 D003 00T P00z 0000 .00z 0000 oot
BCRSD 4.60 .68 1.08 .17 4 32 5.38 0.48 1.81 5.712 1.45
1 (Yes) 0.189 D.202 0.804 0.236 D.011 D.041 0.093 D.099 0.006 0.257

(Yes) 0.188 0.200 0.804 D.240 D.011 D.043 0.093 D.098 10.006 0.255
} (Yes) To.187 0.200 0.803 0.238 0.011 0.041 0.002 0.097 10.005 D.256
4 0.198 0.212 10.801 0.239 D.012 D.042 093 D.101 10.006 0.260
6 (Yes) 0100 D213 0800 _ D23/ P01z P04 003 100 0006 _ D258

0.201 D.214 0.798 0.239 D.013 D.043 0.092 D.101 “l0.006 0.260
0.208 0.223 0.820 0.233 0.012 D.046 0.093 0.102 0.006 D.266
0.208 0.223 0.819 0.236 D.012 D047 0.093 D.102 0.006 0.264

.102 _ 0.006 0.263

RSD 263.23 10.12 0.00 0.00 0.00 0.00 10.65 %%zm—n 48

[ (Yes) D.00 D.002 0.00 D.00 D.00 0.00 0.012 08 2 0.001
(Yes) D.00 D.002 0.00 0.00 0.00 0.00 0.013 08 3 0.001
(Yes) D.00 0.002 0.00 D.00 D.00 0.00 0.013 TK 0.001

| (Yes) 0.000 0.002 0.00 0.00 D.00 0.00 0.010 08 2 0.001
E (Yes) 0.00 0.002 0.00 0.00 0.00 0.00 0.011 08 2 0.001
b (Yes) 0.000 0.002 0.00 0.00 0.00 0.00 0.012 08 2 0.001
7 (Yes) D.00 0.002 0.00 0.00 0.00 0.00 0.011 08 2 0.001
 (Yes) .00 D.002 0.00 0.00 0.00 0.00 0.013 08 2 0.001
(3 D.00 D.002 0.00 0.00 0.00 0.00 0.014 08 2 0.000
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

Steel Crack Initiation Strain-Life and Cyclic Stress-Strain Curves and “Fit” Analysis Constants

Strain-life Stress-strain
0.01 450
400 ’_’-L
e Exp —Fit
¢ ° I 350 — ]
300
E g 250 * )/
g 2
= ]
i g 200 /
[ =)
7 150 //
100 ¢ Be
/ ——Fit
50
0.001 0
1000 10000 100000 1000000 10000000 0.001 0002 0003 0.004 0005 0006 0.007 0.008 0.009
2Nf Total strain
E Sys K' n' sf' ef' b c
190786 324.12 991.4 0.1799 1025.9 0.7627 -0.1132 -0.5837
Needs Updating
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Total Fatigue Life — Summary of Enhancement Used in the Crack Propagation Analysis

Steel Crack Propagation da/dN vs DeltaK Raw Data Plots and “Fit” Constants

Some material property
fitting/modeling
approaches have
difficulty collapsing the
different R Ratio data.
Thus there is inherent
scatter around the
equation used for the
actual component life
prediction.

Plot 1: dafdN vs Deltak (raw data -note scatter) 1 E-oflot 2: (da/dN)* FormanEq vs DeltaK - less scatter
1.E-06 ¥ = 1.395E-11 3855600
1.E-05 ”\
_1E07 % / - R=0.1-Black
(7] =
T;, - R=0.1-Black 21.6-06 - R=0.2-Blue
< : . R=0.3-
El.E 08 - R=0.2-Blue - R=0.3-Purple
; = + R=0.4-Green
T N - R=0.3-Purple & 1.E-07 4
~= . — R=0.5-Orange
— *
S cos ,; - R=0.4-Green | gl o . R=0.5-Cyan
R=0.5-Orange = o ——Low DeltaK Fit
o
- R=0.5-Cyan — y=1L7290E-19x1076280L | _o_High DeltaK Fit
1.E-10 i 1.E-09
10 Deltak (Mpa*SQRT(m)) 100 10 Deltak (Mpa*SQRT{m))
a36 Original Data Collapsed (p* = 4.91903¢-05 )
+ 4 Ld
1e-07 o 1e-07
z
g s
3 3
8 8
glem E
=1 O 1e-08 -
b4 4
@
1e-09 1e-09 -
— i ; * :
1 10 100 1 100
AK
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Total Fatigue Life — Crack Propagation Analysis Includes Crack Initiation Analysis

Basics Assumptions

*The crack is modeled as a sharp notch with finite tip
radius p*.

sMaterial is modeled as made from elementary material
blocks. Fatigue crack growth is regarded as successive crack
increments (re-initiation) over distance p*.

*The number of cycles N* necessary to break the material

over the distance p* can be determined from the cyclic

Coffin)

sThe instantaneousfatigue crack growth rate can be p* | p*
determined as: '

3
L J

May 21, 2015 SAE FD&E
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Total Fatigue Life — Crack Propagation Analysis Includes Crack Initiation Analysis

Added a Cycle by Cycle Crack Residual Stress Distribution Tracking Capability (CRSDT)
(Calculate, From the Material’s Cyclic Stress Strain Curve, the Residual Stress Field of the Crack Tip as it Proceeds
through the Time History)

(b)

Stress Intensity Factor K

=]

[}
I
i
i
I
[}
I
i
]
I
[}
[}
I
i
]
4
[}
[}
[}

B N

Fig. 1. Schematic crack tip geometry and displacement field, cyclic plastic zone, crack tip stress—strain response and the residual stress distibution: (a)
applied load (stress intensity factor) history, (b) qualitative stress—strain response at crack tip, and (c) evolution of the crack opening displacements in the
crack tip region.
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Total Fatigue Life — Crack Propagation Analysis Includes Crack Initiation Analysis

New plastic zone correction C

Use S,, stresses instead of S,

A 4o On= A (1+£j 0,, =C K (1+£j
1 T

p
\27p 2r
1 T ® Elastic stresses ahead of the notch/crack should be
: \ (r)- K 1+§[£]2 redistributed due to the plastic deformations other X,
1 I TR 2T BN distance
Oeq(P/2) \
: \

* Original correction C, was based on the equivalent
: stress
o‘uq(r):C* K 3{/7]

* The main idea: the classical plastic zone should be

\ P2\ 4
\ extended by the amount DX, such that F,=F,
P2 \ * Finding F, area for each cycle of the loading history
N

numerically is time consuming and the originally
. N proposed method was found to be inconsistent (nCode)
™~ * In order to avoid it, it was proposed to redistribute S,,
—3"\ . S ~—— - stress component instead of the S,
; . * The new method is supported by the fact that in the
Ay X case of a crack the propagation is defined by the S,, not
2 3 Seq-
P fy o &ro % * It allows to find F; area analytically (no numerical
Fo+ Ar,=p/2+x,+ AX, R

errors) and reduces computational time

May 21, 2015



Total Fatigue Life — Summary of Enhancement Used in the Crack Propagation Analysis

Best to Use Universal Weight Function (UWF) Stress Intensity File (SIF) Capability
(Get a More Representative Stress Intensity Solution Directly From the Actual Geometry FEM Stress Distribution)

Some Other SIF Approaches Using UWF
(a similar geometry stress intensity factor (the stress intensity factor is calculated from a
distribution is picked from a library of solutions) U FEM distribution as the crack grows)
Stress Distribution (at the depth and at the surface)
Un-notched Geometry Notched Geometry
Stress (MPa)
(assumes constant a/c) . i 3 3 3 (allows al/c to change)
<me—
£
i
L N ] -
- VA Note that Note that /" e
AN the crack the crack
~._ grows at grows
-------- he same faster on
rate on the the surface
surface as then it
it does into does into
the depth the depth
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g 8 |
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E
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4
2 4
0 |
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Crack Initiation Analysis Methodology/Process

Convert the linear-elastic FEM stress-strain values to the actual steel nonlinear elastic-plastic stress-strain values. During
that conversion, track those stresses and strains through the loading and then the unloading of the applied cycle to define
the cycle that does the fatigue damage (see the closed red loop shown below). Obtain the peak and valley stress-strain
coordinates that define that cycle from that analysis. That actual analysis for the example steel is shown in the following

slides.
e=(6/E)+ (/K" M o X £ = Constant (C):
Cyclic Stress-Strain Curve Neuber’s Rule Calc.
250000 4 NS | = 1) FEM Elastic Strain Loading (K, % e): From FEM
! =12 Mat'l 1st Loading ¢ = (¢/E)+ (o/K ' }""): Cyclic Stress-Strain Curve
200,000 - N R | == 3) FEM to Mat'| Neuber's Rule Calc. 0 X £ = Constant (C)
| ——4) FEM Hlastic Strain Unloading (K, x ¢): From FEM
150,000 - !
= 5] Mat'l Strain Hysteresis Unloading As = (Ac/E) + 2(Ac /2K ")H)IM)
E 100,000 4 ------+---- S S - == i) FEM to Mat'| Neuber's Rule Calc. Ag X Ag = Constant (C)
T . |
o | ====T7) Mat'l Strain Hysteresis Loading As = (Ao/E) + 2(Ac/2K "))
a2 50000 §--4-ff---b--d---}---b--4---t ; (To Complete The Cycle)
| Ae = (AG/E) + 2(Aa/ 2K T)m) ,
Hysteresis Curve Neuber’s Rule
0 ! (K, x §) x (K, x e) = 0 X & (General Equation)
0. 0.015 t t Equation
| S=exE . quatior
50,000 4N - A, R A : anipulation
; ; (K, xexE)X(K,xe)=0Xe¢ To Do
’ (K, xe) ! ) FEM Analysis
100,000 L __— ¥ Strain (infir \ FromFEM (K;xe)*/E) =ox¢& (Analysis Equation)

A X A€ = Comstant (C): (K, x Ae)?/E ) = Ao x Ag (Analysis Equation)

Neuber’'s Rule Calc.
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Crack Initiation Analysis Methodology/Process

Merging the results of the analysis defined in the previous two slides, the fatigue life prediction is made as shown below:

250,000 G0 =156,323
| | Epar =0.013366 =
200,000 §----------------- Oy o INGE-- - k- ! :
; ; P Smith-Watson-Topper (SWT) Curve
: : L= E 10000 - for the Example Steel
150,000 §------+--------- o5 : —)- - : =
.: : : 1 - ‘g
@ o : - o
8 100000 - S : $s
ﬁ ! ' - &<
& 50000 St e s S 5 55_:1,000 -----------------------------------------------------------
' i i .E EQ:)ST) ———————————
0 \ g I
0 0015 § ! 0,706
. N g : Cycles
50,000 4 SN_ LA O min = 78,596 x ! |
&,m = 0.004472 = 100 - ¥ : -
. . . ! ! | 100 1,000 10,000 100,000 1,000,000
100,000 L ¥ Strain(infin). ! Cycles (Nf)
1
‘ ! The crack initiation
0,... = 156,323 i fatlguelllfe fobrlthls.
Ag/2 = (0.013366- 0.004472)/2 = 0.004447 ! €xample problem 15
Oax X AE[2 =695, === === -mmm ool FYAUICEE

Note: If there is a residual stress present it is input as an “initial offset” at the start of the stress-strain tracking of the cycle shown above.
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Crack Initiation Analysis Methodology/Process

Develop the “Iterative” Smith-Watson-Topper (SWT) versus Fatigue Life (Nf) relationship/curve for the example steel. This is
accomplished by “merging” the stress-strain curve with the strain life curve as shown below. The SWT vs Nf
relationship/curve is independent of R ratio and thus can be used to determine the fatigue life for any properly defined
cycle (per the Neuber analysis technique shown on the preceding slide).

::o)r a selected R=-1.0 strain value Strain-Life Curve
H €) obtain it’s maximum stress 0.100000 ~-——----—- e 1
250,000 +---- Stress-Strain Curve .- i value (emax) from the cyclic for the Example Steel
for the Example Steel | stress strain curve . o ; ; i .
' ' ' v ! L]
200,000 F------- """"" """"" """"" """"" """"" For that same strain value (£), @
. . . . . because for R=-1.0, £ = A&/2 (it's E
150000 4 -t T L.\ strain amplitude), obtain it’s =
— T A . fatigue life (2*Nf) from the strain- = 0.010000 4
imo,(m , ..... 1 ,,, life curve. -g .
0 o From the above, calculate the SW1 £
g | - | | i | parameter : (omax X Ag/2) and E‘
» 50000 3o S B o o FIITIC | associate it with it’s life Nf. From <
1 | | | that, plot the point ® to define -E
0 l one point of the SWT vs Nf curve 5
0.000 o.(::os o.(:no o.c:)15 o.(;'azo o.t?zs 0.0:30 as shown below. Repeat as @

necessary to fill out the full SWTv  0.001000

Nf curve. 100 1,000 10,000 100,000 1,000,000

50,000 4= BB samn s S e e
' ' ' ' Reversals (2¥*Nf)

: | Strain (Iinfin} | |
-100,000 L [ RSN S L !

Smith-Watson-Topper (SWT) Curve
10,000 - for the Example Steel

All "R" Ratios

R=

100

Max Stress*Strain Amplitude (psi* infin)

100 1,000 10,000 100,000 1,000,000
Cycles (Nf)
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

Demonstrate Accurate Fatigue Life Add the Complexities Introduced Produce Accurate Fatigue Life
Predictions of the Less Complex + by Welding to that Machined __  Predictions of the More Complex

Machined Sample Relative to High Sample Fatigue Life Prediction ==  Welded Sample Relative to High

Confidence Component Test Data Approach Confidence Component Test Data?

Residual
stresses
from

welding

Stress vs. Strain  0.0Kn to 24.0Kn to 0.0Kn

Residual 600
Stresses s00
This presentation will focus from w00 | The previous three presentations have
on the “Machined Sample” setup R % / focused on the “Welded Sample”
cycle
. E 200 —e—Cyclic
2
a?tplled g m/ x s o
after 5
residual =0 0001 0002 oood oo0s 360)/0.605 0007 0008 0009
-100 -
stresses . " : f
from ) ./.( [— .
welding | **
-a00 - —
| Total YY Strain [mm/mmlI
Welded
micro-
structure
influences

May 21, 2015

44



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Welded Specimen Constant Amplitude Fatigue Test Results

With time histories and videos of all tests

Max Ld R Test Test Counter | Weld Sample:
kN Ratio Cycle Cycles Run-Position
24 0.1 |Constant Amplitude 36,895 Hand Weld
24 0.1 |Constant Amplitude 48,160 2-2
24 0.1 |Constant Amplitude 62,047 6-3
24 0.3 | Constant Amplitude 105,522 4-2
24 0.5 | Constant Amplitude 262,628 4-3
24 0.5 | Constant Amplitude 349,002 6-4
24 0.5 | Constant Amplitude 503,441 5-?

20 0.5 | Constant Amplitude 529,250 4-4?
17 0.5 | Constant Amplitude | 4,900,000 NC* 5-1
14 0.1 | Constant Amplitude 325,579 5-3
14 0.1 | Constant Amplitude 375,813 3-4
14 0.1 |Constant Amplitude 494 456 3-3
14 0.3 | Constant Amplitude 922,658 3-1
24 0.1/0.5 Block Loading 138,421 4-1
*Note (NC): No crack growth found visually or by magnaflow
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Total Fatigue Life — Crack Propagation Analysis Includes Crack Initiation Analysis

FCG analysis using Total Life and RS modified

Load, kN

10

Fatigue Life predictions (RS modidied)

OHQ\\r

¢ R=0.1
H R=03
R=0.5
e—TLR=0.1
* o .\ —TL R=0.3

TLR=0.5

10000

100000

1000000 10000000
Cycles

* Total life approach was run with initial semi-circular crack with a=b=p* until failure
* R=0.1, R=0.3, and R=0.5 were used

* L=24kN, L=20kN, and L=14kN were used

* Very similar results as for RS measured, slightly longer life in all cases

May 21, 2015
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idual Stress Distribution, o-x



Total Fatigue Life: Crack Initiation and Crack Propagation

1. Introduction, Test Sample and Test Setup, and Test/Analysis Correlation
2. Appendix A: Stress Distribution Information
3. Appendix B: Microstructure, Cl and CP Material Property Information
4. Appendix C: Gregory Glinka CP Methodology Basic Background
5. Appendix D: Local Strain Cl Methodology Basic Background
6. Appendix E: “First Round” Welded Sample Test/Analysis History
é 7. Appendix F: Address Simultaneous Front & Back Side R = -1.0 Crack
8. Appendix G: Block Loading Analysis
9. Appendix H: Variable Amplitude CI Life Un-Conservative Life Prediction

10. Appendix I: Fracture Surface Striation Measurement Methodology



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

Analytical/Experimental Results

Test Load Testing Max Stress Max Strain  Setup Cycle Test Life (TL) Test Life Predicted Predicted Predicted Fatigue Exp. #2  CI+CP Life/
Specimen  Load R Ratio Level Level R Ratio Cycle Counter PV File Cl Life CP Life CI+CP Life Predicted Cl Life Test Life (TL)
Number Kn Dimensionless Mpa ue Dimensionless Cycles or Blocks Cycles or Blocks| Cycles or Blocks Cycles or Blocks Cycles or Blocks| Cycles or Blocks Dimensionless
22 24 0.3 870.44 4150 0.0 266,012 266,001 68,750 117,374 186,124 58,033 0.70
25 24 0.3 870.44 4150 0.3 218,671 218,658 62,430 54,606 117,036 57,765 0.54
35 24 0.3 870.44 4150 0.3 200,464 200,446 68,180 54,753 122,786 57,876 0.61
19 24 0.1 870.44 4150 0.1 58,481 58,470 20,360 41,354 70,714 25,743 1.21
23 24 0.1 870.44 4150 0.1 70,011 70,000 20,710 41,920 71,630 25,944 1.02
20 18 0.1 652.83 3113 0.1 411,745 411,735 98,750 205,590 304,340 83,575 0.74
24 18 0.1 652.83 3113 0.0 424,431 424,205 101,900 225,421 327,321 85,701 0.77
26 10.8 -1.0 391.70 1368 None 214,765 214,656 57,030 391,856 443,886 52,660 2.09
27 10.8 -1.0 391.70 1368 None 271,951 271,836 56,870 415,417 472,287 52,613 1.74
29 24 *Block: 0.1/.5 870.44 4150 0.1 7.2 7.3 2.5 5.0 7.5 2.2 1.04
30 24 *Block: 0.1/.5 870.44 4150 0.1 6.7 6.7 2.5 5.0 7.6 2.3 112
32 24 Variable Amplitude 870.44 4150 None 28.0 28.4 47.5 56.4 104.0 43.0 3.71
33 24 Variable Amplitude  870.44 4150 None 29.0 29.0 46.1 53.7 99.9 35.6 3.44
Note: *5,000 24Kn R=0.1 Cycles followed by 40,000 24Kn R=0.5 Cycles
10 - I T : :
. . # Cl Analytical Life/ Experimental Life
Observations: Unconservative N , . Specimens 26
o ® CP Analytical Lifef Experimental Life & 27. High
) ) = ® CLCP Analytical Life/ Experimental Life _ 2 compressive
1) For the CI + CP fatigue life = s i — > P
. . i ] K-~ _|- stresses
predictions, only peak valley 5 e Specimens 32 23
hi i ithal f high ~<| &33. High
istories with a lot of hig = %
. = mpressiv
compressive stress cycles vary 5 compressive i
. o 1 stresses ® 11
significantly from a TR — L. | | o . L Exact
“correlation factor” of “1”. ~ ! P Correlation
9 [ ) 1 o !
. = : e %o
2) Both the Cl and CP fatigue E s I [ |
life predictions significantly g_ : o,
“over predict” the fatigue life Tcu I .'
. . I |
for the variable amplitude PV < I 1
history. Conservative = ! I
0 —— .
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analytical/Experimental Results

10 - !
. # Cl Analytical Life/ Experimental Life ;
Unconservative . . . . Specimens 26
o # CP Analytical Life/ Experimental Life & 27. High
5 | @ CHCP Analytical Lifef Experimental Life | _L 4 compressive
B . . K-~ _-- stresses
S k= Specimens 32 7234
£ ~Jd| &33. High
E compressive |
o | stresses P 11
I.ﬁl e —————— ‘. Y S e ——— I N i R A S— I ExaCt_
—_— 1 1 Correlation
9 L ) : L2 .0 @
= } ] ‘+ ]
E | . I
'1_?.. ‘ 1 . 1
T
™ I L]
c 1 e
< 1 11
Conservative ' Il
0 —— L
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Experimental Life
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Specimens 26, 27,
32, and 33 “don’t fit
well” to SIF as used

Specimens 19, 20,
22, 23, 24, 25, 29, 30,
and 35 “do fit well”
to SIF as used

SAE FD&E

Explanation of Possible Need for
Empirical Compressive Stress
Correction
A geometry and loading that
grows cracks simultaneously
from the front face and back face
(meeting at mid-thickness) may
not “fit well with” the boundary
conditions of the Weight
Function Stress Intensity Solution
“the way it is used” in this CP
analysis. The “valley”
compressive bending stress
(S=Mc/1) continuously increases
on the front face crack (being
analyzed) because the “c”, “I”,
and “neutral axis” are
continuously changing as the
crack advances on the back face.

49




Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

For a Crack of increasing Size: Calculated (Mc/l With Crack) / (Mc/l No Crack) Compared to Empirical Compressive Stress
Correction From the Start and End of the Fatigue Predictions Made Using the Method Described on the Previous Slide

e Fuil | Width Edge Crack Assumed

= 4.0

& 20 27

L

ED 3.5 o .

-50 0 50

= -+ s26

s 3.0
—

E 2.5

] /

g z.ﬂ 4 = Constant: af2c = 8 Elliptical Crack Assumed
)

E 20
it 1-5 ] /’“\
~ o VSN

'-E 50 0 50
ez 1.0 I

0 2 4 B 3 10 12 14

Crack Depth into Material ([mm)

Further Description of Analysis Method: Only the compressive stress cycles in the peak-valley history where
increased by this “linear empirical compressive stress correction trend”. It calculated 1.00 times the stress at the
start of the cycling and increased the stress at each subsequent compressive valley cycle by .1/10,000 (tension and/or
compression) cycles until failure. At the beginning of the test both factors were equal to 1.0 (points on the left side of
the plot). At failure the factors were calculated by dividing the maximum compressive stress at failure by the initial
maximum compressive stress (points on the side side of the plot). Specimen 26 Ratio =3.16, Specimen 27 Ratio =3.80.



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Empirical Compressive Stress Correction

Caution: The technique shown below should
be implemented within the software code as
a function of a and c (b). Because that was
not feasible it was simulated externally as a
function of cycles (N)

i"f’-"i.g'*‘;.::li‘d::-_ S R L

R = Positive -

Load History (Converted to Stress History) as Measured on Load Cell During Test (Mpa vs PV's -Reversals)

2933
2000 4000 6000 2000 164 1284 1484 1664 1884 264

“Engineering is the art of being approximately
right instead of exactly wrong”

Simulate an"Empirical Stress Intensity Factor Correction by Increasing the Valley Stresses by (0.1/10,000) Cycles (20,

M —— -
400 000 Am||y

u Used this history to predict the u U
+$=M(c/1) Consistent -S=M(c/1) Consistent 10.8Kn R=-1.0 tests and got

with CG Stress with CG Stress corr.elatlon facton:s of 0.90 & 0.82. :S=M(c/l) Consistent -S=M(c/I) Not
Applied same scaling factor to 24Kn with CG Stress  consistent with CG
Varlablfe Amplitude tests & got Intensity Solution  Stress Intensity
correlation factors of 1.08 &1.00 . .
May 21, 2015 AL L Solution (c/l is

constantly increasing)

Intensity Solution Intensity Solution



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analytical/Experimental Results (With Empirical Compressive Stress Correction)

Test Test Max Stress Max Strain  Setup Cycle Test Life (TL) Test Life Predicted Predicted Predicted Fatigue Exp. #2  CI+CP Life/
Specimen Load R Ratio Level Level R Ratio Cycle Counter PV File Cl Life CP Life CI+CP Life Predicted Cl Life Test Life (TL)
Number Kn Dimensionless Mpa ue Dimensionless Cycles or Blocks Cycles or Blocks| Cycles or Blocks Cycles or Blocks Cycles or Blocks| Cycles or Blocks Dimensionless
22 24 0.3 870.44 4150 0.0 266,012 266,001 68,750 117,374 186,124 58,033 0.70
25 24 0.3 870.44 4150 0.3 218,671 218,658 62,430 54,606 117,036 57,765 0.54
35 24 0.3 870.44 4150 0.3 200,464 200,446 68,180 54,753 122,786 57,876 0.61
19 24 0.1 870.44 4150 0.1 58,481 58,470 29,360 41,354 70,714 25,743 1.21
23 24 0.1 870.44 4150 0.1 70,011 70,000 20,710 41,920 71,630 25,944 1.02
20 18 0.1 652.83 3113 0.1 411,745 411,735 08,750 205,590 304,340 83,575 0.74
24 18 0.1 652.83 3113 0.0 424,431 424,205 101,900 225,421 327,321 85,701 0.77
26 10.8 -1.0 391.70 1368 None 214,765 214,656 9,382 184,446 193,828 8,765 0.90
27 10.8 -1.0 391.70 1368 None 271,951 271,836 6,480 215,559 222,048 6,107 0.82
29 24 *Block: 0.1/.5 870.44 4150 0.1 7.2 7.3 2.5 5.0 1.5 2.2 1.04
30 24 *Block: 0.1/.5 870.44 4150 0.1 6.7 6.7 2.5 5.0 1.6 2.3 1.13
32 24 Variable Amplitude 870.44 4150 None 28.0 28.4 5.0 25.3 30.3 3.0 1.08
33 24 Variable Amplitude  870.44 4150 None 29.0 29.0 4.7 24.3 29.0 2.8 1.00
Note: *5,000 24Kn R=0.1 Cycles followed by 40,000 24Kn R=0.5 Cycles
10 - I ; X X :
. @ Cl Analytical Lifef Experimental Life
Unconservative . . . .
o @ CP Analytical Life/ Experimental Life
= ® ChCP Analytical Life/ Experimental Life
™
§
£
™~
g o
"E 1-"-------.- ---‘---- e S e CorEr)(:.T::'on
—, 1
g ) ® "
= o
= o S
g e 0
E- L]
2 &,
c
< s
Conservative
0 f
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Total Fatigue Life: Crack Initiation and Crack Propagation

1. Introduction, Test Sample and Test Setup, and Test/Analysis Correlation

2. Appendix A: Stress Distribution Information

3. Appendix B: Microstructure, Cl and CP Material Property Information

4. Appendix C: Gregory Glinka CP Methodology Basic Background

5. Appendix D: Local Strain Cl Methodology Basic Background

6. Appendix E: “First Round” Welded Sample Test/Analysis History

7. Appendix F: Address Simultaneous Front & Back Side R = -1.0 Crack
é 8. Appendix G: Block Loading Analysis

9. Appendix H: Variable Amplitude CI Life Un-Conservative Life Prediction

10. Appendix I: Fracture Surface Striation Measurement Methodology



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Examine, in More Detail, the Analytical/Experimental Results of a Typical Test — Specimen 30

Test Test Max Stress Max Strain  Setup Cycle Test Life (TL) Test Life Predicted Predicted Predicted Fatigue Exp. #2  CI+CP Life/
Specimen Load R Ratio Level Level R Ratio Cycle Counter PV File Cl Life CP Life CI+CP Life Predicted Cl Life Test Life (TL)
Number Kn Dimensionless Mpa ue Dimensionless Cycles or Blocks Cycles or Blocks| Cycles or Blocks Cycles or Blocks Cycles or Blocks| Cycles or Blocks Dimensionless
22 24 0.3 870.44 4150 0.0 266,012 266,001 68,750 117,374 186,124 58,033 0.70
25 24 0.3 870.44 4150 0.3 218,671 218,658 62,430 54,606 117,036 57,765 0.54
35 24 0.3 870.44 4150 0.3 200,464 200,446 68,180 54,753 122,786 57,876 0.61
19 24 0.1 870.44 4150 0.1 58,481 58,470 29,360 41,354 70,714 25,743 1.21
23 24 0.1 870.44 4150 0.1 70,011 70,000 29,710 41,920 71,630 25,944 1.02
20 18 0.1 652.83 3113 0.1 411,745 411,735 08,750 205,590 304,340 83,575 0.74
24 18 0.1 652.83 3113 0.0 424,431 424,205 101,900 225,421 327,321 85,701 0.77
26 10.8 -1.0 391.70 1368 None 214,765 214,656 9,382 184,446 193,828 8,765 0.90
27 10.8 -1.0 391.70 1368 None 271,951 271,836 6,489 215,559 222,048 6,107 0.82
29 *Block: 0.1/.5 870.44 4150 0.1 T.E 7.3 %5 5.0 7.5 E 1.04
30 *Block: 0.1/.5 870.44 4150 0.1 6.7 6.7 2.5 5.0 1.6 2. 1.13
32 24 Variable Amplitude 870.44 4150 None 28.0 28.4 5.0 25.3 30.3 3.0 1.08
33 24 Variable Amplitude  870.44 4150 None 29.0 29.0 4.7 24.3 29.0 2.8 1.00

Note: *5,000 24Kn R=0.1 Cycles followed by 40,000 24Kn R=0.5 Cycles

Note that this was one of the nine (out of thirteen) samples that needed no empirical compressive stress correction.

May 21, 2015
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analytical/Experimental Results (With Empirical Compressive Stress Correction)

Specimen 30 - Block Loading: 24Kn R=0.1 for 5,000 Cycles folloed by R=0.5 for 40,000 Cycles (One Block of Test History)
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Specimen 30 - Block Loading: 24Kn R=0.1 for 5,000 Cycles folloed by R=0.5 for 40,000 Cycles (Entire Test History)
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analytical/Experimental Results (With Empirical Compressive Stress Correction)
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Total Fatigue Life: Crack Initiation and Crack Propagation

SAE FD&E “T-Bar” Test/Analysis Effort

Stress/Strain
/ —

Analysis??

!

Fatigue
U le——

Damage??

Known
Fatigue Life

From Fatigue
Tests

Legend

Lower Confidence Inputs?,??,???

Define Improved Practice??

It would be very difficult to consistently stop a “crack initiation evaluation test” at a consistent crack size
(and shape) when evaluating a “Life Prediction Improved Practice” because of the very shallow slope of
the a vs N curve in that region. Attempting to do that would probably be interpreted as much more
significant fatigue life scatter in the test results.
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Total Fatigue Life: Crack Initiation and Crack Propagation

1. Introduction, Test Sample and Test Setup, and Test/Analysis Correlation
2. Appendix A: Stress Distribution Information
3. Appendix B: Microstructure, Cl and CP Material Property Information
4. Appendix C: Gregory Glinka CP Methodology Basic Background
5. Appendix D: Local Strain Cl Methodology Basic Background
6. Appendix E: “First Round” Welded Sample Test/Analysis History
7. Appendix F: Address Simultaneous Front & Back Side R = -1.0 Crack
8. Appendix G: Block Loading Analysis
é 9. Appendix H: Variable Amplitude CI Life Un-Conservative Life Prediction

10. Appendix I: Fracture Surface Striation Measurement Methodology



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analytical/Experimental Results

Test Load Testing Max Stress Max Strain  Setup Cycle Test Life (TL) Test Life Predicted Predicted Predicted Fatigue Exp. #2 CI+CP Lifef
Specimen  Load R Ratio Level Level R Ratio Cycle Counter PV File Cl Life CP Life CI+CP Life Predicted Cl Life Test Life (TL)
Number Kn Dimensionless Mpa ue Dimensionless Cycles or Blocks Cycles or Blocks] Cycles or Blocks Cycles or Blocks Cycles or Blocks| Cycles or Blocks Dimensionless

22 24 0.3 870.44 4150 0.0 266,012 266,001 68,750 117,374 186,124 58,033 0.70
25 24 0.3 870.44 4150 0.3 218,671 218,658 62,430 54,606 117,036 57,765 0.54
35 24 0.3 870.44 4150 0.3 200,464 200,446 68,180 54,753 122,786 57,876 0.61
19 24 0.1 870.44 4150 0.1 58,481 58,470 29,360 41,354 70,714 25,743 1.21
23 24 0.1 870.44 4150 0.1 70,011 70,000 29,710 41,920 71,630 25,944 1.02
20 18 0.1 652.83 3113 0.1 411,745 411,735 98,750 205,590 304,340 83,575 0.74
24 18 0.1 652.83 3113 0.0 424,431 424,205 101,900 225,421 327,321 85,701 0.77
26 10.8 -1.0 391.70 1868 None 214,765 214,656 57,030 391,856 448,880 52,666 2.09
27 10.8 -1.0 391.70 1868 None 271,951 271,836 56,870 415,417 472,287 52,613 1.74
29 24 *Block: 0.1/.5 870.44 4150 0.1 7.2 7.3 2.5 5.0 1.5 2.2 1.04
30 24 *Block: 0.1/.5 870.44 4150 0.1 6.7 1.6 2.3 1.13
32 24 Variable Amplitude 870.44 4150 None 28.0 28.4 104.0 43.0 3.71
33 24 Variable Amplitude  870.44 4150 None 29.0 99.9 35.6 3.44

Note: *5,000 24Kn R=0.1 Cycles followed by 40,000 24Kn R=0.5 Cycles

May 21, 2015

Both Cl and CP Life Predictions Significantly Exceed the Test Lives.
Possible explanation for CP addressed earlier (Simultaneous
“Back-face” Crack. But what is reason for Cl over-prediction?

SAE FD&E
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analytical/ExperimentalResults

Variable Amplitude PV History = 3x SAE Transmission History+ 1x SAE Bracket History+ 2x SAE Suspension History
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analytical/Experimental Results

Local Stress and Strain Response:
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Total Fatigue Life: Crack Initiation and Crack Propagation

1. Introduction, Test Sample and Test Setup, and Test/Analysis Correlation
2. Appendix A: Stress Distribution Information

3. Appendix B: Microstructure, Cl and CP Material Property Information
4. Appendix C: Gregory Glinka CP Methodology Basic Background

5. Appendix D: Local Strain Cl Methodology Basic Background

6. Appendix E: “First Round” Welded Sample Test/Analysis History

7. Appendix F: Address Simultaneous Front & Back Side R = -1.0 Crack

8. Appendix G: Block Loading Analysis

9. Appendix H: Variable Amplitude CI Life Un-Conservative Life Prediction

é 10. Appendix I: Fracture Surface Striation Measurement Methodology



Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

Specimen 33 - Nima Shamsaei (at Mississippi State) is “Reading” Fracture surface
May 21, 2015 SAE FD&E




Total Fatigue Life: Crack Initiation and Crack Propagation Analysis
Analytical/Experimental

Determine by “measuring the CP striations” from the two fracture surfaces (on the preceding
slide) back from failure as far as possible to quantify how much of the life was spent advancing
an identifiable crack from its “initiation”.

The SAE FD&E Committee Will Provide
the Crack Growth Prediction and the
Correlation as Shown Below

Please Provide the Table as Shown
Below

Example of Measurements Needed (+/- 2mm acceptable)
Numbers in table are not real - just show data trend a (x) vs N (Blocks) Data From Fracture Surface vs
Plane B Plane C Crack Growth Prediction - Example
Measurement Test Block|x (mm) z (mm)|x (mm) z(mm)| 14
1 Failure 12.6 0 12.6 50.4 2 »
2 28 111 0 66 504 [ P
3 27 10.5 0 0 50.4 " ¢ a3 (l) v N (BlO(ks) Data
8 4 From Fracture Surface
4 26 9.8 0 0 45.5 y
5 25 8.7 0 0 43.2 6 g —a (x) vs N (Blocks)
6 24 8.5 0 0 41.7 4 b Crack Growth
/"' AnalysisPrediction
2 // -
Read the surface as far back to the origin as you can go 0 -
g . 0 10 20 30
When difficult - best estimate of measurements OK
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

Plane B
At Center of Width or Center
of Semielliptical Fracture

Plane c Surface
on 25.4 mm (Depends on Fracture Surface
Surface Origin Side to Side Location)

e | BN et

Plane A
(0.0 mm, 0.0 mm) on 101.6 mm Surface
(X,Z)
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Total Fatigue Life: Crack Initiation and Crack Propagatlon Analy5|s

2
1]

int Cn?
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Commply of Massurptionty Noeded {#- S = 3 {x) vs N (Blocks) Data From Fracture Surface vs
9 Numbers in table are not real - just show data trend Crack Growth Prediction - Example
Plane B Plane €
Measurement Test Block]x {mm) z (men)|x (mm) 7 (mm) o
1 Block (1 Pass thru 1 rare | 126 0 | 126 504 v P4
. 2 28 111 0 66 504 » " o o () vs N{blocky Dota
Time HIStory) 3 n 105 0 0 S04 5 w4 From Fracture Serface
a 26 9.8 0 0 455 ¢ 7 S
5 » 87 0 0 432 a5 i
6 2 85 0 0 417 s 7 Acalysis Predetion
B . B 2 _
S
e o BT ST pp 0 b
Read the surface as for back to the origin a3 you can go ° 10 x
When difficult - best estimate of measurements OK
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Total Fatigue Life: Crack Initiation and Crack Propagation Analysis

Photos below are approximately

ical Crack Growth Prediction Results vs Experimental Results - z
1.64 x part actual dimensions
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At 83% Life This indicates that 82% of the fatigue
a = 1.00mm life is consumed initiating and growing
2c= 3.01lmm to a detectable /observablesize.

4 % Life i e R T SR R, V‘acrmfm. SR PRIy
{ ai = 0.0986mm : . Makar - : .
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