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Workshop Agenda

Part 1: Introduction to Fatigue and Damage Tolerance
Part 2: Introduction to Fracture Mechanics Analysis
Part 3: Introduction to FRANC3D

Part 4: FRANC3D User Interface

Part 5: Finite Element (FE) Model Import

Part 6: Crack Insertion

Part 7: Static Crack Analysis & SIF Computation
Part 8: SIFs from FE Analysis

Part 9: Crack Growth

Part 10: SIF History & Fatigue Life

Part 11: Miscellaneous Topics
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SIF History & Fatigue Life

SIF History
SIFs Along a Path & Defining a Path

Computing fatigue life
— Conventional Single (DOF) Path Approach
— Multiple Degree of Freedom Approach

Fatigue Life Predictions User Interface

Demo: SIF History and Fatigue Life
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SIF For All Fronts

— from Cracks menu, choose SIFs For All Fronts

File Edit | Cracks Loads Analysis

[ New Flaw Wizard__
Flaw From Files...
Multiple Flaw Insert...
Compute SIF's .
Grow Crack...
Read Crack Growth...
Grow/Merge Cracks...
Edit Crack Geometry
SIF's Along a Path._.

J's For AllRi ngs!.. |

Plot (and export)
SIF values along all
crack fronts.

B Stress Intensity Factors

File Data Axes

Display

W Markers
W Vectors
W Palygons
W Text

™ Mesh

I Fronts
™ Template

Save | Read
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S Lol

View options

i

7 Recenter

v X Capture image
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Using a FRANC3D simulation with more than one step of crack growth
— from Cracks menu, choose SIFs Along a Path

File Edit | Cracks Loads Analysis |
[ New Flaw Wizard... B
Flaw From Files...
Multiple Flaw Insert_..
Compute S5IF's...

Grow Crack...

Read Crack Growth...
Grow/Merge Cracks...
Edit Crack Geometry...

SIF's Along a Path...
SIF's For All Fronts__.

J's For All Rings...

Stress intensity factors

File

SIFs Along a Path

Data Axes

Click on Path to change the path
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Defining a Path

Defining a path requires
defining: e =

File Data Axes |

- P a t h ty p e Display Analysis Load Step IEI
¥ Markers

 Vectors K | Ki | Ko | Jint | Tstr | Temp Path | Table | Export|

¥ Polygons

— Path constraints " oo | [ 7
Bl ¢ Constant Normalized Distance (0-1) 0.5
— Path curve fitting

I Template @ Nearest Point an Next Front (0-1) - 0.1
— Crack starting point

(reset) ¢ Intersection of Fronts With a Plane Define F\anil
(crack) Start: Step | 0 | Front [ 1 * Final: Step EVI Front | 1 ¥

™ Search from final front

Save | Read Path Constraints
0 @E Minimum Allowed MNormalized Location (0-1) : 0
(el L )N Maximum Allowed Normalized Location (0-1) : 1
View options Path Curve Fitting
ﬂl ™ Fit Path with Palynomial Order : I 1
MI Allowed Locations :  Min (0-1) I 0 Max(0-1) I 1
E L_ll\ feol @ Crack Starting Information
[ x

~ Crack Start Point I 0 v I 0 = I 0

@ Initial Crack Length length : 1
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Path Type

Constant Normalized Distance | Nearest Point on Next Front

Intersection of Fronts with a
Plane

fren For crack fronts that might split, merge, or

= disappear, there is the option to specify both the
starting and ending crack step number and the
crack front number, if there is more than one front

7
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Path Constraints

There 1s a user-settable threshold that prevents the computed paths from getting too
close to the free surfaces where the accuracy of the computed stress intensity factors

1s questionable.
The user can set both the minimum and maximum thresholds.

B ' Stress Intensity Factors -— I |t
Display Analysis Load Step |1 + CrackFront |1
¥ Markers
Kl Kl Kl Jntegral T-5ir Table  Define Path|  Export
¥ Vectors l l l g l l I P l

¥ Polygons Path Type

¥ Text  ConstantNormalized Distance (01 | 03
Set Speed | * Nearest Point on Next Front (0-1): 0.3

Options " Intersection of Fronts With a Plane Define |:|;.,|-,;|
W Axes

[ Path Constraints

Minimum Allowed Mormalized Location {0-1): 0.05

(crack) Maximum Allowed Normalized Location (0-1): 0.95

Path Curve Fitting
[™ Fit Path with Polynomial Order: |
Save | Read g :
Allowed Locations . Min (0-1 Max (0-1 I
a @ m@ (0-1) 0.05 (0-1) 0.95
& a @ @ Crack Starting Information
z Clipping | " Crack Start Point x: I RE I 0z I 0
« Recenter | & Initial Crack Length length : | 0

CutPlanes |

Box Zoom |
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Path Curve Fitting

Path curve fitting provides a best fit, in a least- Pelh Cure Filg

" FitPahwihPofmomial ~ Ordar:
squares sense, through the path oo ) o )

BRRg | A o) s e o

Before path curve fitting After path curve fitting
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Crack Starting Point

The crack starting information has two options:

Crack start point
Initial crack length

Setting either of these provides a starting point for computing the total crack path length

B Stress Intensity Factors

— ) X

Crack Front |1 |

Display Analysis Load Step |1~
¥ Markers
Kl Kl Il JHntegral T-Str Table Define Path|  Export
¥ Vectors l l l g l l I - l
¥ Polygons Path Type
[v Text " Constant Normalized Distance
Set Speed | & Nearest Point on Next Front
Options " Intersection of Fronts With a Plane
¥ Axes
[~ FiB Colors Path Constraints

(reset)
{crack)

Save | Read

Rk
RLEE®

z Clipping

l % Recenter

CutPlanes

ik

BoxZoom |

Minimum Allowed Normalized Location (0-1): 0.05

Maximum Allowed Mormalized Location (0-1): 0.95

Path Curve Fitting
I™ Fit Path with Polynomial

Order: I 3
0.05 MEX(U"UI 0.95

Allowed Locations ;. Min (0-1)

Crack Starting Information
" Crack Start Point x: I 0y I

( Initial Crack Length length I 0

0z 0
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Computing fatigue life

* Conventional Single (DOF) Path Approach
* Multiple Degree of Freedom Approach



After 22 Steps of Growth

Crack mesh at step 22
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contains crack

How does one make a fatigue life
prediction based on this simulation?
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Conventional Single (DOF) Path Approach

* Computing fatigue life (or
propagation Cycles) involves: Geamein]| pronics | panics | Bon
* Crack insertion and growth path

e Extraction of SIF history for all
points on all crack fronts

* Defining a path
* through the crack fronts

* and computing the SIF (K,, K, & K;,)
and length along the path

* Integration using the SIF along the //

[l]
i

path, the path length, and crack - /
growth rate data or model crack fronts
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Reducing SIF (K) Data to a Single DOF
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70,000

g “
———- — ~ Path through the
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w = ul
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Normalized position on crack front 60,000
Crack growth simulation yields 50,000 1
SIF distributions along each 5 s0000 |
crack front for all crack steps. gmm
EZ0,000 q
Single degree of freedom/m'mT
(DOF) “K vs a” curve 0 . ‘ .
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crack length 14
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Conventional Lifing with FRANC3D Results

log da/dN

* A pathis defined through the crack fronts that effectively
reduces the full 3D results to a single DOF model.

c
[1]
S
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Il -
3
c \
3 i
o
2 -
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Crack Length

N:j da
- f(AK,R,AK,,...)

log AK

The single DOF SIF (ranges) are integrated
with a material crack growth rate model to

determine cycles (N).
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Determining a Single DOF Path(s)

A path
through the
mid-points!

Or some
other path?

How should one pick the single DOF path, and
how does this affect the predicted fatigue life?

16
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Life Predictions For Different Paths

crack length

is Constant Normalized Position

N
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cycles
it
A
Example:
corner crack } 167
in a plate
under
. A4

tension Ogm—”»

* Different paths provide
different number of
cycles; could extract an
average or mean and
standard deviation.

Constant Normalized Position
il T%
15 :2::
] Small Crack Steps
° 0 2,00(I),000 4,00(;,000 6,00(;),000 8,00(;,000 10,00I0,000
cycles
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Stress Intensity Factor Range

Single DOF Life Predictions
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The least accurate SIFs
are computed on the
specimen surface; so we
choose a path where SIFs
are more accurate.
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Comparison of life predictions using SIFs
evaluated along six different paths shows
a significant variation.
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Problems With the Single DOF Approach

Defining an appropriate
single path becomes difficult
for a more complex crack
geometry _
Defining a single path requires subjective engineering
judgment leading to non-objective life predictions

Difficult to automate path selection
Uses only a small amount of the available SIF information

Can not easily correlate cycles with the observed or
measured crack lengths on the specimen surface

For many “real world” models, a single path cannot intersect all
crack fronts so multiple paths need to be evaluated.

19
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Multiple/Variable DOF Approach

For all nodes on crack front i
nodei+1,k+1

AKi+1,k+],x’//i 1. Project perpendicular to the

: crack-front to find the
intersection with the next crack
front i+1

2. Interpolate to find DK at the
projected intersection

3.  Assume a linear variation in the

DK’s going from step i to step i+1
step;,1 and integrate to find the cycles
(N/,j)

4. Average the computed cycles for

step;
all crack front nodes to obtain one
Aa value for cycles required to grow
Ni’j :J‘ ﬁla from crack front i to crack front
0 f(AK,R,..) i+1 .

1
N, . =— E N. .
B a i—>i+1 l,]
where AK—AKi’j+—Aa(AKi+1,j_AKi,j) "
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Multiple/Variable DOF Approach

cumulative cycles (million)

12

10

Compute the number of cycles
for all nodes along a crack front

Compute the average

Store average cycles versus step
of crack growth
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Multiple/Variable DOF Approach

* Life curves can be generated for different paths, and the number

of cycles will be consistent.

Can even plot cycles versus
crack length for a path on the
surface where computed SIFs
are not usually accurate.

w2
W

T T T T T
0 2 4 6 8 10 12
cycles (million)

22
Part 10



Compare to Single DOF Predictions

it Constant Normalized Position
4 - 2.7%
@
3.5
3 _0.1
£
B
275 4 !
- .
: ™~ multiple DOF
ok based prediction
1.5 -
1 -
0.5
0 - - T T T T T
0 2,000,000 4,000,000 6,000,000 8,000,000 10,000,000 12,000,000

cycles
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Benefits of Multiple/Variable DOF Approach

* Ignores cases where a projected point cannot be found

/ ] SteP; 11
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step,

* Generates a unique cycle count for each crack front.
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Benefits of Multiple/Variable DOF Approach

* Avoids SIFs computed at surface, which are unreliable because:
- plane strain conditions do not hold locally, and

- crack front elements can be highly distorted
distorted elements used in

the crack-front integrals

e Cycles for each crack step include
information from the entire crack
front.

 Generate accurate predictions of
cycles versus surface breaking
crack length even if we cannot
compute accurate stress intensity
factors at surface breaking points.

25
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Crack Length on Surface

o
n
|

Summary

Multiple variable DOF approach provides objective life
predictions

Uses all or most of the available SIF data
Easily automated
Easily negotiates complex crack shapes

Generate a versus N curves on surfaces (where computed
SIFs are usually inaccurate)
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Fatigue Life Predictions
Dialog



Fatigue Life Dialog

* The Fatigue Life dialog allows the user to compute fatigue cycles

Fatigue Fretting Display SingleC
ll  Fatigue Life Predictions...

View/Edit Growth Parameters...
Crack Front Fatigue Values...
Fatigue Values Along a Path._.

Growth Rate File...

Crack display

B Fatigue life =
Display Read SIF Data | File Axes
¥ Markers = 7
¥ Vectors 4” arameters ‘ Load Cycles vs. Crack Growth Step
¥ Polygans Read Parameters 13.0x10
¥ Text Save Parameters
™ Mesh Blot X axi
ot X axis
. 10.0 %10
[~ Template  Cycles
(reset) ¢ Passes
view_1 ¢ Time
(crack) & GowihStep || g SO0
¢ Path Length o
Save | Read  Area k)
] &
DR | | o makme) ([ = 50,00
e L afc] i R e
View options Plat Y axis
MI &+ Cycles 3.0 %10 ¢
Capture image| | ¢ Passes
£ L[ My |© e
" Growth Step 0.0 I I I I
© Path Lenath oo 100 200 300 400 300
& Ares 4 Crack Growth Step
!
LR Total load cfcles : 110,237
1 MAK(Khold Total Passeg : 110,238
. Define Path Integrationfwas Stopped Because:
¥ _—— | all avalable crack steps considered
X Data Table
Crack Front Plots
Advanced Options |
|
Dismiss /
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Fatigue Life Dialog

e If crack growth was done using a subcritical growth model, the parameters are
already defined and the right-side pane will show a plot of cycles versus crack step

Read SIF Data button: allows the readin
of crack fatigue data (.fcg file) that includes
SIF history

Set Parameters button: Leads to the
definition of the crack growth rate model

Read Parameters button: Allows one to
read a previously saved crack growth rate
model from a file (.cgp file)

Save Parameters button: Allows one to
save the current crack growth model data to
a file (.cgp file)

|
|
Plotting: Allow the plotting of either cycles I
or time
* Growth Step

 Relative Variance: displays the standard
deviation in the computed data

e Path: Allows the user to define a Path

Data Table button: Displays whatever data
is currently active, in tabular form; it can
be exported to a .txt file

Part 10

Read SIF Data |
Set Parameters |
Read Parameters |
Save Parameters |

Plot X axis

 Cycles

" Passes
T

& Growth Step
! Path Length
 Area
 MAX(Kmax)
1 VAX(Khold

Plot Y axis

& Cycles

" Passes
T
 Growth Step
! Path Length
 Area

© MAX(Kmax)
) VAX(Khold

Define Path |

Data Table |
Crack Front Plots |

Advanced Options |

File Axes

Load Cycles vs. Crack Growth Step

13.0 %107

10.0 x10° |

Load Cycles

5.0=10° |

[]-[]DDIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1.0 20 30 40 50
Crack Growth Step

6.0

Total load cyeles @0 1,025,011
Total Passes : 1,025,011

Integration was Stopped Because:
all available crack steps considered
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Fatigue Life Dialog

* Defining a Path

Path

Display

¥ Markers
¥ Vectors
¥ Polygons
W Text

™ Mesh

[™ Template

(reset)
(crack)

B Fatigue life

Display Read SIF Data | File Axes
M Markers T 2
¥ Vectors el T arameters . Load Cycles vs. Crack Growth Step
¥ Polygons Read Parameters 13.0x10
¥ Text Save Parameters
™ Mesh
[ Froms poree 10.010° F
™ Template  Cycles :
(reset)  Passes
view_1 CiTime
(crack) & Growth Step g B.0x '
€ Path Length g
Save | Read ) Area B
| &
BRABa| |cmaxkm |~ 50000
B B | o)
View options Plot Y axis
ﬂl @ Cycles 3.0x10'
Capture image| | ¢ Passes
€ Time
D__{_ ol | By Time
" Growth Step 0.0 \ | | |
 Path Length oo 100 200 300 400 300
€ Area Crack Growth Step
® N Total lead cycles : 110,237

Path Type

" Constant Normalized Distance (0-1)

0.5
(0-1): 0.5
Define F\?Hel

& Nearest Point on Next Front

 Intersection of Fronts With a Plane

Start: Step | 0 *| Front 1"

I Search from final front

Final: Step SVI Front | 1 =

€ MAK(Khold)

N
( Define Path

ala lable
Crack Front Plots

Advanced Options |

Total Passes

110,236

Integration was Stopped Because:
all available crack steps considersd

Path Constraints

Minimum Allowed Normalized Location (0-1) 0
Maximum Allowed Normalized Location (0-1) : 1

Save | Read
(SlR] D@ lFLath Curve Fitting -
m Fit Path with Polynomial Order I Y
View options | Allowed Locations = Min (0-1) 0 Max (0-1) I 1

Recenter |
Capture imagel
et Ll 55

Crack Starting Information
" Crack Start Point  « I 0 I 0 z I 0

& Initial Crack Length length : 1

Cancel

Accept | Accept Save View
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Fatigue Life Dialog

* Crack Front Plots

 display Kmax, Kmin, Delta K, Keq, Kstatic, Khold, R, and Temp
for each crack front and for each growth step

Define Path | | B Crack Front Growth Parameters
File Data Axes
Data Table
Crack Front Plot Display Load event IZSi“:IeC:-_,-CI\C Kmax(1) I<.“in=ljlj
rac ron ors
W Markers Crack front |1 Vl Crack growth step [6 *
Advanced Options | W Vectors
¥ Polygons Kinax I K | AK | Ky |I§‘,h,:| B | ARy, | R |Temp| Table |Export|
¥ Text
™ Mesh o Maximum stress intensity factor
™ Fronts -~
[~ Template 0ol
(reset)
(crack) ‘ E 80
=}
\;; 60
Save | Read E
Sl ] m@ — 40
w
AL
= 20
View options | =
— K]
Recenter | wF————————————|_ g
7 Capture imagel Ky |
20 PR N S R PR RIS R |
v« CL || Oy 0.0 02 04 06 038 1.0
A B
normalized distance along front

Dismiss
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Demo/Hands On (Homework):
SIF History and Fatigue Life



FRANCS3D Tutorial 1 — Fatigue Life Predictions

From the FRANC3D menu, select Fatigue
—Fatigue Life Predictions Assuming crack growth

was performed

File Edit Cracks Loads Analysis | Fatigue Fretting Display SingleCrystal Advanced Help

Fatigue Life Predictions_

FRANC3D
View/Edit Growth Parame ters... Version 9.2.1

Crack Front Fatigue Values... Display

¥ Markers
W Vectors

Fatigue Values Along a Path...
Growth Rate File...

¥ Polygons
W Text

M Mesh

™ Fronts
I Template

(crack)

I AVATAYAY
e Swes
AL ]

Compute and plot a fatigue life.
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FRANCS3D Tutorial 1 — Fatigue Life Predictions

Load Schedule

Display ta File Aves =/ schedule:

I~ WMarkers ' -
Set Parameters np

IV vectors A

¥ Polygons Read Parameters A\

e Save Parameters |

Growth Parameters

Units used in FE model

— Istress: MPa length: mm temp: C time: sec Change .
% s oo | s | ouptest 2| 8] o=

Crack Growth Load Schedule

I Load Steps RSDEEﬂITempsrature| Tlme' Stallc' Dmerl
/ Load event repeat count
New Schedule | Tom File| wizarda | viewEdit |  SaveToFile | ¢ Repestoount [T

& Repeat FOREVER

/1, Crack Growth Rate Model

Chew Wodel )| Read From File|  view/E itz vEditdaiat] | SaveToFile |

Mixed-mode equivalent K

F K - c KT K + (oK)’ + (oK)’

Cancel Accept | |

W |

sian: & wom K O om K © kom K C)always positive. € always Ties<tye i cading O e
\l
) Paris growth model Plot
Effective Delta K I [=5]
da/ dN=C AK"
& ARy = Ky — K C ARy = Ky, —max(K,,.0)
I Use load interaction model 4 SetEdit Parameters || Model Label (Optional): |
/| Description (Optional): -]
Integration Options 5
¥ Accelerated counting [~ Constant K for time integration
Units: |stress: MPa length: mm temp: C time: sec Change
Cancel | c n DKIn ke |
ZLES 11 1e-10 3 1 1od
||
I cancel | Back Next
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FRANCS3D Tutorial 1 — Fatigue Life Predictions

Fatigue life dialog showing Cycles vs Crack Growth Step

B ' Fatigue life

Display Read SIF Data
2

Markers Set Parameters
¥ Vectors
M Polygons Read Parameters
W Text Save Parameters

™ Mesh

™ Fronts Plot X axis

™ Template " Cycles

(reset) " Passes

view_1 «

(crack) * Growth Step
&

Save | Read e
D | | © MAXKmax)

RE®B o
View options Plot Y axis
Recenter & Cycles

Capture image| | ¢ Passes
C ||

" Growth Step
o
o
T MAX[Kmax)
-

Define Path

Data Table
Crack Front Plots
Advanced Options

Dismiss
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File Axes
Load Cycles vs. Crack Growth Step
13.0 %10
10.0 10" |
g 80x 10
B
S
@]
=l
(]
S
5.0x10" |
30x10" b
l] l] L L PR 1 L L L P L L L L | - L L L 1 PR L L
00 10.0 200 300 400 500
Crack Growth Step

Total load cyeles @ 110,237
Total Passes @ 110,236

Integration was Stopped Because:
all awvailable crack steps considersd
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