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X AFGROW =

Motivation

» Continuous need to extend AFGROW'’s model database
» Continuous need to provide more accurate models to AFGROW'’s users

» Provide modeling capabilities that complement customer’s design and analysis
flow

» Shorten new model implementation time or allow users to define their own
reduced order model

LexTech iR
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Current K, Solutions

Closed-form, tabular or combination of both solution: Uniform
stress distribution, idealized model geometry, covers wide rage
of geometry variations (r/t for example).

Weight function solution or beta correction applied on existing
closed-form or tabular solution: Non-uniform stress
distribution, idealized model geometry, covers wide rage of
geometry variations.

Combination of Weight function and tabular solution: Non-
uniform stress distribution, idealized model geometry, covers
wide rage of geometry variations.

User-defined solution: Non-uniform stress distribution, real
model geometry, limited to only one set geometric properties
and one or two interconnected crack grows direction.

Using on demand FEA tool to calculate K;: Non-uniform stress
distribution, real model geometry, multiple crack and crack
directions

X AFGROW =

AFGROW has the capability to
add additional K solutions by
using the COM plug-in.

Plug-ins allow user-defined

custom solutions

* Proprietary

* Closed-Form

* Tabular / Interpolative /
Extrapolative

* External-K,

Simmetrix
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AFGROW FEA plug-in capability overview

UG (B0 317 1735 i, (1 o « AFGROW FEA based K solver plug-in
application that integrated INSA Lyon engineering bility i ¢ q
AFGROW with FEA tool school and Alstom Capabllity Is a mature and proven .
(StressCheck®)was developed by successfully developed technology that was successfully applied
USAF (Josh Hodges) and became AFGROW plug-in using to solve the complex fracture mechanics
operational. StressCheck®

problems

* Only organizations that can have access
the modern FEA packages can benefit
from this AFGROW functionality

* The development of the interface
between plugin and FEA package require
significant investment of time and

Joint Effort between AFRL, APES, Gulfstream integrated BEASY has released a plugin manpower as well as FEA analyst

Boeing, and LexTech, Inc. to StressCheck® with AFGROW for AFGROW which provides expertise

develop the next using the plug-in technology AFGROW users access to the e Th ivinal lof d lobi

generation life prediction and advanced capabilities € original goal ot aeveloping

assessment methods by available from the BEASY Handbook of FEA crack growth solutions
seamlessly integrating crack Fracture and Crack Growth in AFGROW in unfulfilled

growth and simulation software.

finite element method (FEM) K-
solver programs.

Used the framework of
AFGROW and StressCheck®

ngxTech
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X AFGROW =

Handbook of FEA Crack Growth Solutions
in AFGROW

Joint effort of Simmetrix and LexTech with an objective to develop a Handbook of FEA models for a relatively

simple structural geometries and load conditions that are to complex or too time consuming to implement
otherwise.

Goals

* Integrate AFGROW with the help of plug-in with SimModeler™ software tool.

 Demonstrate that it is possible to create a crack growth analysis tool that will benefit from using on demand
FE analysis without require the user to be an FEA expert

* Ensure that this tool could be accessible (affordable) to a wide range of AFGROW users

SimModeler™ is a pre-processing tool that streamlines the generation of analysis input decks for a variety of
analysis packages starting from geometric data. It can be easily customized and extended to produce run-ready
input for additional solvers.

AFGROW will direct SimModeler™ via plug-in to generate the mesh of the model geometry and re-mesh the

model as crack grows. The input from it can be used as an input to multiple FEA solvers such as ANSYS, Abaqus
and CalculiX.

| exTech mimmetr
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AFGROW: user-friendly and run-time efficient Linear Elastic Fracture Mechanics (LEFM) based
crack growth life prediction tool that serves industry damage tolerance analysis needs

1 231 ¢ —
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74 °° (Tabular Lookup, Forman, Walker, NASGRO, ter-T)

Tabular entries for

Model based fits to FCGR datasets

T Crack propagation life solution

vs. experimental measurement
K, solution comparison
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AFGROW &=

Verification Benchmark
K

— |

. . 10 ® AFGROW 2-DoF built-in model solution
100 materials V&V agaInSt other solutions i © AFGROW 4-DoF FEM based solution
. ~——SimModeler solution using 160-DoF
< . AFMAT o Solution convergence 4
°;' User deflned FCGR BenChmarkIng g : crack front length normalized
¢ 4]
L 0.0 0.2 0.4 0.6 0.8 1.0
Sy e
1-DoF and 2-DoF models ‘
(precompiled database, analytical
:’;" formulations, user input -  table) | M d l. POSth’OCGSSOI’ ettt s
o Parametric Multi-DoF models ode Ing N o
(automatic 3D FEA based solution @ C g pabilities Plots/Reports
i - directly from AFGROW) |
Retardation models Crack growth - o x
evolution graphics & & o
\ Contents Index |Search| Input Menu Commands
RECROW e e
|compact tension (€T) )
adhesive properties e B
oo ||| s |
. angles Model Select the Type
Spectrum . Public access to all Sy s
i . Application Defined Retardation ify the Rele
e Manager Documentation Workshop presentations j&mes=see || aoe  ommmms
B change parametric angle gssr-[)almed Input User-Defin
S e g:::::: Models Interface Enwonment iy K
Flight specific Examples/Training ST || s |
c L. COM Interface .. e e
spectrum definition Manuals/Context Sensitive Help  [swm i ous =

Loading spectrum
generation & editing

constraint
continuing damage solut
corner crack
countersunk hole
crack at hole
offset hole correction
crack at semi-circular no
corner crack
surface crack
through crack
Crack Closure Factor
crack length plot
properties
create spectrum
Cycle Counter
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AFGROW: Extension of Modeling Capabilities S AFGROW =

Desired

* An AFGROW embedded modeling
capability designed to easily extend
the model database, improve solution
accuracy and provide an easy user
access.

 Automatic solution.

Benefits

» Reduce time-consuming new model
development or additions to existing
models.

» Improve solution accuracy by using
multi-DoF crack front definition

» Geometry agnostic.

» Eliminate some modeling error
sources due to curve fitting and
analytical formulations.

» Same methodology can be used to
automatically perform a fatigue crack
growth solution or generate -tables.

0
LexTech
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* Building of 3D geometry w/ and w/o crack
definition using a parametric definition

* Control of number of DoF in crack front
definition

* Robust mesh generation

* Inputdeck generation for model
processing

Modeling

3D model generation for each
& Capabilities

crack growth increment

® Parametric multi-DoF

Solver access & Batch Processing modeling

FEM Solution Post-processing

* Model based identification of crack
location and orientation
* FE solution-based K, calculation AFGROW
* Linkage with AFGROW functionality
* Crackfrontincrementdefinition

Simmetrix
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AFGROW: Extension of Modeling Capabilities K AFGROW £

Example of New Model Implementation: Corner Crack in a Tapered Lug under Off-axis Tensile Loading
Automatic FEM based crack propagation solution: How everything works

Parametric Model Definition l AFGROW user interface Solution postprocessing
i- o »lE-er ELIETE aoy - 0.018
% ER N S i 3 ——SimModeler solution using 60 DoF
2 o 0.016 | =
T £ N £ AFGROW solution using 9 DoF /
— 0014 | &  ——AFGROW solution using 6 DoF
u 0.012 » ——AFGROW solution using 4 DoF
_ Automatic crack growth solution oo1
Bore Diameter “d 0.008
> ::> 0.006
B 0.004
0.002
cycles
4P Lug Radius “R” | 0
4 = e 0 5000 10000 15000
presure(p) = cos(p) « dxmx*t =t Modeling process controlled by AFGROW GUI ™= « Runtime: 1 min / crack growth increment
B =[-n/2, n/2] relative to the direction of the Transparent to the end-user  Verification & solution convergence
equivalent pin-bore concentrated load “P” A

v CAD & FEM N\

FEM solution ) o
Crack front increment definition

|
'~ — — Tracked growth
h directions (4 DoF)

7/8/2024 Same modeling process is followed for a different geometry or loading definition _5iﬁ"|e'|—ri><

nc.
Enabling Simulation-Based Design

]
LexTech



The Mesh/Pre/Post Engine behind AFGROW'’s Parametric multi-DoF  R-@:1{H {11}
Modeling Capability

AFGROW'’s multi-DoF capability takes advantage of the fatigue crack growth modeling and general CAE modeling functionality
developed over the past 20 years at Simmetrix Inc.

* Directinterface to CAD geometry
* Demonstrated component level functionality for crackinsertion and propagation
* Geometry-mesh associativity maintained for crack growth solutions

* Unstructured meshing and automatic compatibility with structured meshes

e Structured meshing process: boundary layer, thin-section, extrusion

 Automatic surface and volumetric meshing

 Meshing capabilities demonstrated for: single and multiple crack propagation simulation,
crack at materialinterface, generic surface for crack definition in a solid model

* Plugins for different structural solvers: Abaqus, Ansys, calculiX
 Customers can write plugins to extend SimModeler to support specific modeling workflows

* https://afgrow.net/workshop/documents/2021/Robert_Pilarczyk_CrossComparisons_of_Stress_Intensity_Factors
_from_Various_Sources-Workshop-2021.pdf

* https://www.arctosmeetings.com/agenda/airworthiness/2021/proceedings/presentations/P21320.pdf

* https://www.arctosmeetings.com/agenda/asip/2021/proceedings/presentations/P21624.pdf

* https://www.researchgate.net/publication/325695699 LIFE_PREDICTION_MODELING_CAPABILITIES_FOR_FE_
APPLICATIONS#fullTextFileContent

* For more information, please send email to: loghin@simmetrix.com or info@simmetrix.com -
LexTech

nc.
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https://afgrow.net/workshop/documents/2021/Robert_Pilarczyk_CrossComparisons_of_Stress_Intensity_Factors_from_Various_Sources-Workshop-2021.pdf
https://afgrow.net/workshop/documents/2021/Robert_Pilarczyk_CrossComparisons_of_Stress_Intensity_Factors_from_Various_Sources-Workshop-2021.pdf
https://www.arctosmeetings.com/agenda/airworthiness/2021/proceedings/presentations/P21320.pdf
https://www.arctosmeetings.com/agenda/asip/2021/proceedings/presentations/P21624.pdf
https://www.researchgate.net/publication/325695699_LIFE_PREDICTION_MODELING_CAPABILITIES_FOR_FE_APPLICATIONS#fullTextFileContent
https://www.researchgate.net/publication/325695699_LIFE_PREDICTION_MODELING_CAPABILITIES_FOR_FE_APPLICATIONS#fullTextFileContent
mailto:loghin@simmetrix.com
mailto:info@simmetrix.com

SimModeler Crack

Capabilities:

v uses CAD geometry or existing meshes in the modeling
process

v'mature development for crack insertion and meshing
v automatic crack propagation simulation process

v'tested on large variety of component geometries and
crack configurations (includes propagation)

v"GUI access and script-based modeling process

v Passed many V&V benchmarks for planar as well as
mixed-mode cases

LexTech
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Implementation in AFGROW
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Meet the needs: SimModeler functionality FFTITT] .
embedded into AFGROW

SimModeler capabilities provide:

v Access to parametric geometry definition
v" Access to crack modeling API functionality

v Access to different solvers to support any loading and
boundary condition configuration

AFGROW Plugin will deliver:

v" A process to add new fatigue crack growth models into the AFGROW solution library and, improve
or extend limits of existing models

v The new models will work in a similar fashion as the closed-form models. Based on user’s input
(dimensions, loading conditions) the functionality will create the model and perform the simulation
with no additional input from the user.

= v Verification benchmarking is an integral part of the new model development =~ .
LexTech
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X AFGROW =

Plug-in Development

Goal: corner crack in a tapered lug geometry under off-center axis
loading analysis

Verification and Validation Steps
* Validation of CalculiX applicability (compare with the commercial FEA)
* Validation of AFGROW plugin lug crack growth prediction

* Verification progression
* Non tapered lug study
e Tapered lug study
* Corner crack to Oblique crack transition
* Number of point on crack front convergence

LexTech iR
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Model Properties

Width

Thickness

Hight

Hole Diameter

Crack Length (C Direction)
Crack Length (A Direction)
Loading Angle

Crack front has four
different crack

directions:
1. 0°(C)
2. 30°
3. 60°
4. 90°(A)

The angles are
parametric. Every
delta length
increment applied
perpendicularly to the
crack front.

Constant
Amplitude Load

s
LexTech

Non Tapered Lug Study

Predict Preferences

K AFGROW =

Material (Paris Equation)

Predict Function Preferences

Growth Increment
Cutput Intervals

Cutput Options
Propagation Limits
Transition Options

Lug Boundary Conditions
Finite Width Effect

Crack Closure Factor

Bending

Predict Function Preferences

Growth Increment
COutput Intervals

Qutput Options
Propagation Limits
Transition Cptions

Lug Boundary Conditions
Finite Width Effect

g AFGROW uses the Yroman integration technique
lo_l when a blocked spectrum is input. To minimize an
== emorin predicted crack propagation times it is not
recomended for Max Growth Increment value to
exceed 10%.

Select
Max Growth Increment (%): |3

L I e e N N e e e e

|

[ Cycle by Cycle Spectrum calculation

| Cycle by Cycle Beta and Spectrum calculation

Stop Crack Propagation at:

[ Crack Length

[ Cycle Count

¥ "Kmax' Failure Criteria

[ UserDefined "Kmax’

Iv ‘Met Section Yield" Failure Criteria
[ Part Through Crack Transition

Walker Equation Data >

e, The'walker equation extended the early Pariz equation by allowing the shift
'0.' in dasdi vz, Delta K. az a function of strezs ratio [R). The eguation may be
= uzed in several zegments ba attempt to model the zigmoidal shape of the data.

IJze up to & etz of values of 'C', 'n'.

MNumber of Sets: El:

Set C
1 1.0824e-11

1.9144e-10
1.9144&-10
1.9144=-10

1.9144e-10

and ‘m'

TR
i

Material name: |User defined data

Coefficient of Thermal Expanzion: |2 25e-05 Young's Modulus: |72334.3
Yield Strenath, YLD : [324054 Foissor's Ratio [0.33
Flane Stress Fracture Toughness, KC: Iw
Plane Strain Fracture Toughness, FIC; M Lawer limit on B shift (0. -1 lﬁ
Delta K threshald value @R=0: W Upper limit an B zhift [< 1] lﬁ

k. | Cancel | Save | Fead | Apply |

Simmetrix

Inc.
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Problem Definition ¥ AFGROW

» AFGROW model development: corner crack in a lug geometry under off-center axis loading
Lug Geometry Mesh

Loading

presure(¢p) = cos(p) *
W
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AP
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:
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the crack is identified using
{H, W, D, t} *User control mesh refinement °Pre§sure Ianjing defined using a max(c,) along the bore
o . *Geometry based meshing size cosine function, @ = [-n/2, /2]
* Parametric geometry definition

assignment * Parametric loading definition: {P, 0}
=
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Problem Definition

K AFGROW =

» AFGROW model development: corner crack in a lug geometry under off-center axis loading

Initial crack front definition

—

Tracked growth direction

Al
,'.\m..“:v:w

PR s
LESRE

P

*Elliptical or B-spline shape used for the
initial crack front definition
*Geometry-mesh association for each

model
*Mesh size along the front and on the

crack surface is adjustable

]
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* Alternating loading
mission

Typical solution and Verification
Benchmarking

Lug Verification Case #1

18

16 ~
14

12 r

10 ——3D FEA / SimModeler with Ansys solver

8 ® Afgrow, built in model Kl Ver|f|cat|0n

o 3d FEA / SimModeler with CalculiX solver

[CREN

Afgrow, multi-degree of freedom

o

0.0 0.2 0.4 0.6 0.8 1.0

——AFGROW built-in model, 2-DOF
0.025 ——SimModeler, multi-DOF, Ansys solver

AFGROW Plugin, 4-DOF
o SimModeler, multi-DOF, calculiX solver
0.02 |
|
E 3
0015 =
<
& crack length
0.01 (=
© vs. cycles
0.005
|
o cycles
0 5000 10000 15000 20000

*Solution comparison between the
predefined-degree of freedom modeling
procedure performed via AFGROW and an
FEA multi-degree (controlled by the mesh

density along the crack front) Simmetrix
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3D FEA solution

Lug Geometry

W =160 mm
t=20mm
D =80 mm
H =200 mm

LexTech

presure(p) = cos(g) *

FE Model

FE Solution

Top surface fully constrained

-2.89015
11.0867
25.0635
35.0404
53.0172
66.9941
80.970%
94.9478
108.925

12z.901

4P

~— u=u=u,=0

Dxmxt

Pin equivalent load =96.5266 MPa
P [N] = Pin equivalent load * W*t
Young's Modulus =72395 MPa
Poisson's Ratio =0.33

-5.8912%

25.0862

€4.0836

95.0711

134.05%9

169.046

204.033

239.021

274.008

308.599€

Model symmetry.
max(c,)=309 MPa on
both sides of the bore

Case study: Loading Axis at 0 = 0°

K AFGROW &=

Corner crack location

o, direction

and orientation

-5.8912%

‘ c, (MPa) ==

64.0836

95.0711

14
- 134.058

165.046

204.033

235.021

274.008

308.599€

-123.792

-75.849

-27.5059

20.0372

€7.5803

115.523

1e€3.867

211.81

25%.753

307.69¢6

o, along loading direction, , normal
to the bore radial direction
One or two cracks could be

considered.

Simmetrix

nc.
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K,solution assessment

Initial crack front definition

Crack surface can be defined

geometrically:

e as an elliptic surface;

* asa planar surface bounded by a
B-spline edge (crack front). A set of
points (degrees of freedom) is used
to define the B-spline.

0
LexTech

K, Solutions

K, solutions can be achieved by:
1. Solving the 3D multi-DOF (mesh

dependent) finite element model
using SimModeler and Ansys as a
solver

Solving the 3D multi-DOF finite
element model using SimModeler
and calculiX as a solver to assess the
differences between the two solvers
Using a B-spline definition of the
crack front (AFGROW controlled) and
perform a calculiX batch mode
solution using Simmetrix’ modeling
capabilities (geometry, meshing, pre-
and post-processing)

Using the two-DOF built-in AFGROW
model

K, solution verification is reached

18
16

14 o

10

o N B Oy 0

Case study: Loading Axis at 0 = 0°

K, [MPa*sqrt(mﬂ

K AFGROW =

Verification Benchmarking

Verification Case #1

-

—3D FEA / SimModeler with Ansys solver
o 3d FEA / SimModeler with CalculiX solver

e Afgrow, built in model

Afgrow, multi-degree of freedom

o
o

©
]

0.4 0.6 0.8 1.0
Crack front length normalized

Verification assessment;:

a difference of less than 0.25%
(except at the end vertices)
between Ansys and calculiX based
multi-DOF solutions is observed

a difference of less than 1.7%
between the built-in AFGROW
solution (two-DOF) and a four-DOF
solution (calculiX solver)

Simmetrix
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3D FEA solution

Case study: Loading Axis at O = 30°

Same Lug Model, only the loading direction is modified

FE Model

FE Solution

K AFGROW =

Definition of corner crack location and
orientation

o Crack locati thel Crack locati the short
———— rack location on the larger Crack location on the shor
B e S oy
i 5 2 -
e SR s Cross-section side cross-section side
R T e £ e R Tl 42.2222 MN MK MN M
F e R
Eagetiadly 2
e 3 84.4444
e .
. 126.667
i Top surface fully constrained
I+ 168.889 . . . o[
u=u,=u,=0 = T'wo crack configurations are identified
x T Hy T Mz 0,=355 MPa on larger net
Q. 5 ST KEK] 211.111
Bk AR e AT EK i R
Q e ) cross-section side
ke f,:%%‘a'gnﬁ}gg;:‘ i 253.333
b B % FR AR e
(7,) e RSNy Fearl
s el 295.556 C k definiti #1
ELERTE e R
on by " e rac efinition
R %g:-: 337.778
c e ]
M e
o FEE, R 380
o e S
L g
LY e
© it S
== LI
s
5
— G
L
5 _
S0 0,=365 MPa on smaller net
T
ERES . . 6
cross-section side & Crack definition #2
A T
P s
R R
0
N : 22.2222
. .
® = * o, magnitude is 40% lower than o, values
o T 44.4444 1 (0} 1
.
28 at the bore from loading step #1
[7,) Rl 88.8889 g p
o s 111.111
cwv e
50 Thi k| ion i idered in th
i
T v i IS crack location Is not considered In the
e g, 155.556
wc > o (h
o
SR .
AR,
o 9 modeling procedure
T
)
- O
e 200

LTI,
Crar s
s

LexTech

6,=200 MPa on larger
net cross-section side

Simmetrix
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KI’ KII’ KIII
solution assessment

Case study: Loadmg Axis at 0 = 30°

a=c=1mm

H 14 4
Corner crack location and orientation -
o 7
::_ % 10 Ansys multi-DOF solution, KI
) = ——Ansys multi-DOF solution, Kl
Crack plane and |Ocat|0n '.‘;; % 8 —Ansvs_multi-I_DOF solutio_n, Kl
[ | . a0 S5 o calculiX multi-DOF solution, KI
# defined based on (oF] c s = calculiX multi-DOF solution, KII
. . sm— S = calculiX multi-DOF solution, Kl
c direction at the bore. - g’ # calculiX 4-DOF solution, KI
" o S g
i) Initial crack size a=c=1 mm. 9 ’ rormalieed cradk lerath
'E 2 olo 0.2 0.4 0.6 0.8 1.0
o m—
Hq—) normalized crack length
0.0
Q o~ olo 0.2 0.4 0.6 0.8 1.0
= *
(8] % __'0‘5 Ansys multi-DOF solution, KI
wn
E ko g o calculiX multi-DOF solution, K
(& ) ¥ E-l.o B calculiX, 4-DOF solution, KI
- o
° s
© =z
M o
alky =
16
/ 14 4
i 12 ) .
N 3= 9 Ansys multi-DOF solution, KI
# o £ 10 ——Ansys multi-DOF solution, KiI
3 2‘3 s ——Ansys multi-DOF solution, KIII
: w s o calculiX multi-DOF solution, Kl
o .Y+ = 6 = calculiX multi-DOF solution, KII
—— c = = calculiX multi-DOF solution, KIII
) - g4 + calculiX 4-DOF solution, KI
o = m —_ 2
.= S * normalized crack length
— 0
Hq—) ,0 02 04 06 08 10
~ Ansys runtime: 20 sec
9
C
S
" Verification benchmarking is reached.
LexTech

K AFGROW =

Take aways:
* K, and K, are negligible in
comparison to K, indicating a
mode | crack growth

* Using 100 element edges
along the crack front, calculiX
based solution is within 0.4%
(except vertex locations) from
Ansys counterpart

* The 4-DOF solution (obtained
via calculiX solver and AFGROW
Plugin) matches the multi-DOF
solutions

* For a reverse loading
configuration (along larger net
section i.e. loading step #2), K|
becomes negative indicating
contact between crack faces
while K,, and K, are negligible.

* For both crack configurations,
reverse loading (loading step
#2) can be neglected since will
not contribute to the AK
magnitude

Simefr'ix
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3D FEA solution

Same Lug Model, only the loading direction is modified

Loading step #1

FE Model

pressure [MPa] -3.07sss

0
10.91%z2
I Gl [|V|Pa] 48.3333
24.917

96.6667

6,=395 MPa on larger
net cross-section side

o

L

g
L

7

66.9104

80.%081 338.333
N

N

94.95059 ~ b 386.667
435
108.504

122.901

6,=379 MPa on smaller
net cross-section side

Case study: Loading Axis at O = 45°

FE Solution

K AFGROW =

Definition of corner crack location and

orientation

Crack location on the larger Crack location on the short
cross-section side cross-section side

Two crack configurations are identified

Crack defnton' '
Crack definition #2

Loading step #2

LexTech

pressure [MPa)]_ ...,

TR i S A

b B

T a B
Tl

s
b
L

10.838

24.846 222222

44 .4444

38.8539
66.6667

52.8618 88.8889

111.111
66.8698

133.333

80.8777
155.556

i
o
e
K7

s

Ty

S4.8856 177.778

200
108.654

122.901

G,=263 MPa on larger
net cross-section side

* o, magnitude is 30% lower than o,
values at the bore from loading step #1

This crack location is not considered in the
modeling procedure

Simmetrix
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KI' KII' KIII
solution assessment

Case study: Loading Axis at O = 45°

Corner crack location and orientation

#1

inition

Crack Def

Crack plane and location
defined based on o,
direction at the bore.

Initial crack size a=c=1 mm.

[
O N & O ®
N

Loading step #1

K1, Kll, Kl (MPa*mA0.5)

a=c=1mm

B 1

——Ansys, Kl longer ligament
——Ansys, KIl longer ligament
= Ansys, Klll longer ligament

o calculiX, Kl longer ligament

= calculiX, KIl longer ligament

= calculiX, KIll longer ligament

+ calculiX, 4-DOF crack front definition

normalized crack length

N O N A O K

0.2 0.4 0.6 038 1.0

normalized crack length

Loading step #2

0.2 0.4 0.6 0.8 1.0

——Ansys, KI longer ligament
o calculiX, KI longer ligament

W calculiX, 4-DOF

#2

inition

Crack Def

L]
LexTech

Loading step #1

——Ansys, Kl shorter ligament
——Ansys, Kll shorter ligament
= Ansys, Klll shorter ligament
o calculiX, KI shorter ligament
= calculiX, KIl shorter ligament
calculiX, Kl shorter ligament
+ calculiX, 4-DOF crack front definition

normalized crack length

0.2 04 0.6 08 1.0

Verification benchmarking is reached.

E AFGROW =

Take aways:
* same as the 0 = 30° case

Simmetrix

Enabling S\mula‘r\on Based Design



3D FEA solution

Same Lug Model, only the loading direction is modified

Case study: Loading Axis at O = 90°

K AFGROW =

Definition of corner crack location and
orientation

FE Model FE Solution
L ssens o, Crack location on the larger Crack location on the short
. o so1s . P cross-section side cross-section side
U=u,=u,=0 e on0c 100 69[ a] T T
< o eos R Two crack configurations are identified
O 200
% , Gl=4?0 Mt.Pa Of\dlarger net 250 Crack definition #1
4‘;; e Cross-section side .
o 80.9354 350
.E
'c 94,9241 400
§ 108.913 50 .) Q
122.%01
G,=285 MPa on smaller net & Crack definition #2
cross-section side
—_— When load is reversed, the stress contours are
o i 114783 mirrored wrt centerline
25.4062 . . . e .
Q. : The two locations identified above are sufficient
3 39,3341 0,=430 M!Da on larger net ] .
7 e o and cross-section side (symmetric geometry wrt centerline). The two
0o ' 1 . o .
< 67.1699 o direction crack locations are maintained to be consistent
S . . .
g 61.1178 T with other off-axis loading cases
— 95.0457
108.974 This crack location is not considered
122.501 G,=285 MPa on smaller net

cross-section side

LexTech

in the modeling procedure Simmetrix

Inc.
Enabling Simulation-Based Design



KI’ KII’ KIII

solution assessment Case StUdy Loadlng AX'S at 9 900

a=c=1mm

20
Corner crack location and orientation o
k-4
Q.
. 2
Crack plane and location (7] £ Ansys based solution, KI
- _— based solution, KIl
defined based on o £ 10 Ansys 2
i . . 01 £ .E_ 3 = Ansys based solution, KIl|
=+ direction at the bore. -g ~ 6 o calculiX based solution, KI
c Initial crack size a=c=1 mm. 3 5 4 * calculiX based solution, KII
o 3 O calculiX based solution, KlI
o 2 normalized crack length
° —— 2 5 .. T ——_——
=
G
w 2
Q normalized crack length
0
% olo 0.2 0.4 0.6 0.8 1.0
m -2 Ansys based solution, KI
S ——Ansys based solution, Kl
&)

———Ansys based solution, KIlI
o calculiX based solution, KI
——calculiX based solution, KIl

Loading step #2

K1, K1, Kl (MPa*m”0.5)
S

——calculiX based solution, KllI

14
12
L -
N 3+ 310
# Q. :E s Ansys based solution, KI
c 3 = —— Ansys based solution, KII
o bmb 2 6 —— Ansys based solution, KIll
o c g 4 o calculiX based solution, KI
© :E E , * calculiX based solution, Kl
.E g ~ O calculiX based solution, KlI lived crack length
normalized crack leng
S - 0 (e e )
[ 0
o *
=<
9
h
| © B
1

& Verification benchmarking is reached.
LexTech

E AFGROW =

Take aways:

* same as the 0 = 300, 45°

cases

* AFGROW 4-DOF solution

to follow

* maximum K, solution
difference between
calculiX and Ansys is 0.25%
(includes the vertex

locations)

Simmetrix

Enabling S\mula‘r\on Based Design



Take-aways, partial conclusions E AFGROW =

1. Two location scenarios, single crack definition implementation:
= Crack location on the short ligament side
= Crack location on the long ligament side

2. The reverse loading solution does not need to be considered in the modeling
procedure since K, < 0. With contact between crack faces, K, = 0.

3. For a given load and crack location/orientation based on location/direction of
max(c,), K, and K, magnitudes are very low compared to K, values for all
solutions. No mixed-mode conditions were identified for crack propagation.

4. These models comply to a Mode | fatigue crack growth modeling procedure.
Next:

1. Verification benchmarking: crack propagation solution (length vs. cycles along
predefined directions). Comparison between multi-DOE (two solvers) and a
4-DOE solutions obtained via AFGROW Plugin.

2. Loading cycle considered for the verification benchmarking: 0-max.

ngxTech M
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Verification benchmarking
Crack growth solution

0.025
0.02
0.015
0.01

0.005

0.02
0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004

—— AFGROW built-in model, 2-DOF
SimModeler, multi-DOF, Ansys solver

o SimModeler, multi-DOF, calculiX solver
——AFGROW Plugin, 4-DOF

"a" length (m)

cycles

5000 10000 15000 20000

—— Afgrow built-in model, 2-DOF
SimModeler, multi-DOF, Ansys solver

o SimModeler, multi-DOF, calculiX solver
AFGOW Plugin 4 DOF

"c" length (m)

cycles

0 5000 10000 15000 20000

0.02
0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004

0.002 }..

0.016

0.014

0.012

0.01

0.008

0.006

0.004

0.002

0

Case Study: Loading Axis at 0 = 0°

——SimModeler, multi-DOF, Ansys solver

o SimModeler, multi-DOF, calculiX solver
~——AFGROW Plugin, 4-DOF
E
£
=
80
c
2
v
o
o
E
2
=
[=]
[=
)
cycles
0 5000 10000 15000 20000
——SimModeler, multi-DOF, Ansys solver
o SimMaodeler, multi-DOF, calculiX solver
—— AFGROW Plugin, 4-DOF
£
<
+
[
c
g
v
o
o
£
o
—
=
o
o
o
cycles
0 5000 10000 15000 20000

K AFGROW &=

v

* Using the same mesh refinement for each crack front increment, the solutions based on calculiX and Ansys solvers are consistent
e The 4-DOF solution obtained via AFGROW Plugin, is within 8% from the multi-DOF solutions (Ansys and calculiX solvers)

0
LexTech

e The built-in 2-DOF AFGROW solution is within 18% from the multi-DOF solutions

Simmetrix
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Verification benchmarking

Crack growth solution

Long Ligament

Case Study: Loading Axis at 0 =30°  E¥IITITT] -

——SimModeler, multi-DOF, Ansys solver

0.025 SimModeler, multi-DOF, Ansys solver 0.018 o SimModeler, multi-DOF, calculiX solver
o SimModeler, rT1uIt|-IZ?OF, calculiX solver 0.016 _g AFGROW Plugin, 73 increments
0.02 AFGROW Plugin, 73 increments =
0014 | &
E 0.012 %D
0.015 ::' : -
2 001 | £
Q2 0
0.01 = 0.008 £
= [e]
0.006 =)
0.005 0.004 %ﬂ
¥ 0.002 =
o IS cycles L | copaponomi00 cycles
0 5000 10000 150C _ 0
0 5000 10000 15000
0.016 SimModeler, multi-DOF, Ansys solver ——SimModeler, multi-DOF, Ansys solver
o SimModeler, multi-DOF, calculiX solver 0.016 o SimModeler, multi-DOF, calculiX solver
0014 —_ AFGROW Plugin, 73 increments  § — AFGROW Plugin, 73 increments
= 0014 | E g
0.012 —
= 0012 | &
001 | £ <
- 001 | T
0008 | v
) 0008 | §
0.006 c
0006 | S
0.004 hy
0004 | &
0.002 S
doponoomas 000 cycles 0.002 o o
0 oo cycles
0 5000 10000 15000 0
0 5000 10000 15000
* This solution is consistent with the 6 = 0° solution
* \Very low error between the multi-DOF Ansys based solution and the calculiX equivalent
3 * The 4-DOF solution obtained via AFGROW Plugin, is within 6% from the multi-DOF solutions (Ansys and calculiX solvers) s

LexTech

Inc.
Enabling Simulation-Based Design



Verification benchmarking

Crack growth solution

Il

0
LexTech

Case Study: Loading Axis at 0 = 30°

Short Ligament

0.016

0.014

0.012

0.01

0.008

0.006

0.004

0.002

K AFGROW =

——SimMaodeler, multi-DOF, Ansys solver
o SimModeler, multi-DOF, calculiX solver
Afgrow Plugin, 4 DOF

% "30 deg from bore" length (m)

0 2000 4000 6000

——SimModeler, multi-DOF, Ansys solver
o SimModeler, multi-DOF, calculiX solver
Afgrow Plugin, 4-DOF

&"60 deg from bore" length (m)

cycles

0 2000 4000 6000 8000

This solution is consistent with the 6 = 30° long ligament solution

0.025 ——SimModeler, multi-DOF, Ansys solver
o SimMaodeler, multi-DOF, calculiX solver
0.02 AFGROW Plugin, 4 DOF
£
0015 | =
=
[
c
[}
0.01 =
©
0.005
cycles
0 Y
0 2000 4000 6000 800(
L
——SimModeler, multi-DOE, Ansys solver
0.016 o SimModeler, multi-DOE, calculiX solver
AFGROW Plugin, 4 DOF
0.014
=
0.012 —
<
[
0.01 c
2
0.008 | ©
0.006
0.004
0.002 !
cycles
0 Y
0 2000 4000 6000 8000
°
e Same conclusions

Simmetrix

Inc.
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Crack gromtnouion Case Study: Loading Axis at © =45°  ELITII].-

Long Ligament

——SimModeler, multi-DOF, Ansys solver
——SimModeler, multi-DOF, Ansys solver 0.018 o SimModeler, multi-DOF, calculiX solver

o SimModeler, multi-DOF, calculiX solver 0016 ,g Afgrow Plugin, 4 DOF
AFGROW Plugin, 4 DOF =
0.014 £
= &
£ 0012 | T
E 0.01 'g
3 0.008 | 2
z ’ £
= 0006 | 2
=
0004 | &
e}
0002 [ B
cycles 0 cycles
0 2000 4000 6000 8000 0 2000 4000 6000 8000
——SimModeler, multi-DOE, Ansys solver ——SimModeler, multi-DOF, Ansys solver
0.016 o SimModeler, multi-DOE, calculiX solver 0.016 o SimModeler, multi-DOF, calculiX solver
AFGROW Plugin, 4 DOF —_ in, 4-
0.014 & 0.014 £ Afgrow Plugin, 4-DOF
£ <
0.012 —. 0.012 kT
= c
= 5]
0.01 c 0.01 -
L o
- —_
0.008 ;Q 0.008 _8
0.006 0006 | §
=
0.004 0.004 ?DD
a]
0.002 0002 | Q
cycles cycles
0 y 0 y

0 2000 4000 6000 8000 0 2000 4000 6000 8000 .i

/
k ‘ e This solution is consistent with the O = 30° solution
Simmetrix

] .
LexTech * Same conclusions
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K AFGROW =

e ennering Case Study: Loading Axis at O = 45°
Short Ligament

0.025 simModeler, multi-DOF, Ansys solver SimModeler, multi-DOF, Ansys solver
o SimModeler, multi-DOF, calculiX solver 0.02 o SimModeler, multi-DOF, calculiX solver |
0.02 AFGROW Plugin, 4 DOF ] 0018 | E AFGROW Plugin, 4-DOF : I
. 0016 | £
E B
0.015 | = 0.014 &
= z
%ﬁ 0.012 -E
001 |T 001 | 8
- £
= 0.008 S
=
0.005 0.006 60
o
0.004 o
0 cycles 0002 | & I
cvcles
0 2000 4000 6000 8000 10000 0 y Z ‘L ¥
L): 0 2000 4000 6000 8000 10000
SimModeler, multi-DOF, Ansys solver SimModeler, multi-DOF, Ansys solver
0.016 o SimModeler, multi-DOF, calculiX solver 0.016 ° - SimModeler, multi-DOF, calculiX solver
. ’ . AFGROW Plugin, 4-DOF
0.014 AFGROW Plugin, 4-DOF 0.014 ._E,
£ <
0012 | — 0.012 | %
<
- c
oo 2 ‘
001 | ¢ 0.01 | : il
— @ %
_
0.008 | o 0008 | § /
K c / I,‘,
0.006 0006 | S / |
[ / f,ﬁ
w0 /
0.004 5 0004 | 3 /
‘,..v“".‘ o i
0.002 — 0.002 | ©
| — oveles cycles
0 y 0 y
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

* This solution is consistent previous examples. Same conclusions
'.ﬁ_— | |
LexTech
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e amerkne. Case Study: Loading Axis at © = 90° X AFGROW I

Long Ligament

SimModeler, [ti-DOF, A |
0.02 SimModeler, multi-DOF, Ansys solver imiiodeler, mutti nsys solver
' 0.016 o SimModeler, multi-DOF, calculiX solver
0.018 e SimModeler, multi-DOF, calculiX solver —_
: 0.014 S
0.016 =
0.012 k=
0.014 = %"
0012 | 001 | -
) o s
001 | & 0.008 | 8 7
[}
0.008 | €
o 0006 | S
0.006 |~
0004 | & - W
0.004 o S p” >
0002 | © » B
0.002 . Z 0000 3 ;
0 | oeoenoasoamesni® cycles I CVClES ‘
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
B
SimModeler, multi-DOF, Ansys solver
0.014 _ _
o SimModeler, multi-DOF, calculiX solver 0.014 SimModeler, multi-DOF, Ansys solver
0.012 ' o SimModeler, multi-DOF, calculiX solver
001 oo12 | £ 4
0.01
0.008 f;n ;5
Ko 0.008 | @
0.006 | 5
o e
- 0.006 £
0.004 o
=
.......... 0004 | ww .
0.002 [ ™ o <o
................... cycles 0.002 3 y
0 Y S vy |
0 1000 2000 3000 4000 5000 6000 0 CVCIES 4
0 1000 2000 3000 4000 5000 6000
o * This solution is consistent previous examples.
[ ] . . 1 1
LexTech * AFGROW Plugin solution to follow B Sllnnlen=meb
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Crack growin sontionCase Study: Loading Axis at 0 =90°  ELEIII .-

Short Ligament

——SimModeler, multi-DOF, Ansys solver ——SimModeler, multi-DOF, Ansys solver
0023 SimModel Iti-DOF, calculiX sol 0.018
-] -
imiviodeler, mult » GalcUlLA solvey — o SimModeler, multi-DOF, calculiX solver
0016 | E
0.02 0014 | €
1)
—_ c
= 0012 | ©
0.015 - =
< 001 | &
a0 0
c ]
x 0.008 £
0.01 = [s}
° 0.006 | &
iy
0.005 0.004 ©
o
0.002 | £ - - aa
cycles v cvcles
0 y . 0 y i
0 5000 10000 15000 20000 250 0 5000 10000 15000 20000 25000 ﬁ i
0.016 ——simModeler, multi-DOF, Ansys solver 0.016 ——SimModeler, multi-DOF, Ansys solver
0.014 o SimModeler, multi-DOF, calculiX solver 0.014 E o SimModeler, multi-DOF, calculiX solver
£ : <
0.012 -~ 0.012 k)
-~
< c
th a
001 | & 001 | =
= o
0.008 | © 0.008 | 8
€
0.006 0.006 o
=
0.004 0004 | &
£
o
0.002 0.002 o
cycles cycles
0 Y 0 Y
0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000

. * This solution is consistent previous examples.
LexTech ¢ AFGROW Plugin solution to follow Simmetrix
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Verification benchmarking _ H . H
Crack growth solution 4-DOF Solutions: Quick Convergence Study X AFGROW I

0.025
0.016 -
Afgrow Plugin, 73 increments _g Afgrow Plugin, 73 increments
. . 0.014 = [
0.02 = - Afgrow Plugin, 35 increments - = ® Afgrow Plugin, 35 increments &
N " 0012 | % .
£ ]
0015 | = 2 001 | 5, .
=] f — |
) Q [
c o 0.008 | & o
Q o £ -
0.01 |: o £ "
o N 0.006 = o
= .. Yy— |
&
0.004
0.005 5 .
- ) I
gt 0.002 = ....l
s u-u-upuaned cycles adinininiy cycles
ot crack location on the o

0 2000 4000 6000 8000 10000 1200C LX short Iigament side 0 2000 4000 6000 8000 10000 12000

e s S e
Eis S ST
P8 e TR T ) IR ey
Ry o) e st
R S
5 A e g Tt VY i ey ATy P 3 k. i
peli R e e 0,018
Pl e e i e e . . :
AN At b, A T e e A Y SRRy S Yy
SR Gets S Afgrow Plugin, 73 increments -
e i SVl il bt v e e
. . S e e T v e SNy, ey
0.016 Afgrow Plugin, 73 increments SRRt e e e 0016 | E . : »
’ i e i b o e e -
st SR L S grow Plugin, 35 increments
i B s i AT v k] £
0.014 . . . et e d e 0.014 | & 3
. = Afgrow Plugin, 35 increments . e e ioee S [
£ e k| e R PR D c
et O O R S S i ey
B o R A A AR < ¥
P vayArat s i e e L —_
K S A e S PSR stk [ ]
0.012 ke KR A S MR el A
R [ FER Rk R RS R b =
B Y by SR P ST e R R =
R e O AR e v 5 m | |
— N g B A e iy Vg (TS Sram et iy 20 S
1 ¥ AT ATARAY, K ATAN ! AT i, e s
[ e, e i =
S £ E T ey b e A 0.01
v Aty DT e P el . ]
] KEiaay g TR v e
o — J i aye e AT
At Cheb R AT DOl LR [aa}
Nt [ | é‘.ﬂ'ﬁ'ﬁ;}éﬁ* 7 4 """"“"QF?‘?:H '§§§§§
&
= st NEREEEERE  0.008 €
0.008 a0 n EEErre ELET
. c ] P S 2
Fo AR K b
1] [ | [l A T [ty
- o [ iteEier ke 0.006
= AR, ¥l
0.006 | % i T i wm
-~ o KRt )
: e sy 0.004 | °
R ] ' o
P Ao T
0.004 e e )
n R I S =
Sl etz PRy 0.002 = -
FNLY, APy b Ty . =
0.002 gun" W ey N cycles
. " |
m-E
= 0
il cycles

0 2000 4000 6000 8000 10000 12000
0 2000 4000 6000 8000 10000 12000

* Two 4-DOF solutions are performed: 35 and 73 increments.

| Bxlach AFGROW Plugin 4-DOF solution convergence is demonstrated Simmetrix
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Verification benchmarking  IMulti-DOF Solutions: Quick Convergence Study

Crack growth solution

——SimModeler, multi-DOF, Ansys solver, 120 element edges
along crack front

0.025 ! . .
o SimModeler, multi-DOF, calculix solver, 120 element
edges along crack front
——SimModeler, multi-DOF, Ansys solver, 200 element edges
0.02
along crack front
0.015 _§,
<
+—
0.01 %D
' Q2
"
0.005
== cycles
0 Y
0 5000 10000 15000 20000

——SimModeler, multi-DOF, Ansys solver, 120 element edges
along crack front
0.02 o SimModeler, multi-DOF, calculiX solver, 120 element edges

along crack front
——>SimModeler, multi-DOF, Ansys solver, 200 element edges
along crack front
0.015
£
<
B0
0.01 -
Q2
o
0.005
cycles
0 Y
0 5000 10000 15000 20000
L]
LexTech

\

« Two multi-DOF solutions are performed:
120 and 200 element edges along crack
front for each increment

* Very low difference (<2%) between the
two crack front mesh refinements

0.02

0.015

0.01

0.005

0.02

0.015

0.01

0.005

K AFGROW =

——SimModeler, multi-DOF, Ansys solver, 120 element edges
along crack front
o SimModeler, multi-DOF, calculiX solver, 120 element
edges along crack front

‘g ——SimModeler, multi-DOF, Ansys solver, 200 element edges
— along crack front
_c
)
)
c
K
v
o]
s}
E
(o]
=
o
o
m
- cycles
5000 10000 15000 20000

——SimModeler, multi-DOF, Ansys solver, 120 elemente edges
along the crack front
o SimModeler, multi-DOF, calculiX solver, 120 elemente edges
along the crack front

E—SimModeIer, multi-DOF, Ansys solver, 200 elemente edges
= along the crack front

T

c

o

@

o]

o

£

o]

o=

o

o

o
o cycles

0 5000 10000 15000 20000
Simmetrix
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K AFGROW =

Tapered Lug Number of Points on Crack Front Convergence

Properties v I X

Parametric angles of the points on
the crack front

=1

4 Parameters

4 points:
(Name) L2 Off-Axis Loaded Lug
. 0°, 30° 60°, 90°.
Lug Diameter L2 0.160000
Thickness L2 0.020000
Lug Hight 2 0.204000 6 points:
Hole Diameter L2 0.080000 O°’ ]_O°’ 30°’ 60°’ 80°’ 90°.
Taper Angle 4 10.000000
Crack Length (C Dir... [Z 0.001600 .
. 9 points:
Crack Length (A Dir.. [Z 0.001600
o o o o o o o o
Loading Angle 4 30.000000 0 ’ 10 ’ 20 ’ 30 ’ 45 ’ 60 ’ 70r 80 ’ 90
Calculate Crack Dire... L2 Enabled
Long Ligament Side... [2 24.380219
Short Ligament Sid... [2 29.943780
Crack Direction L2 Short Ligament Side

Simmetrix

Inc.
Enabling Simulation-Based Design



Number of Points on Crack Front vs Life

C length vs. life A length vs. life
0.018 0.025
0.016 g ——SimModeler 60 <
0014 | £ Cé / 002 | =< ——SimModeler 60
c o
0012 | 2 c4 g A6 /
o C9 ; A4
001 | °© 0.015 |
A9
0.008
0.01
0.006
0.004 0.005
0.002
0 cycles 0 cycles
0 2000 4000 6000 8000 10000 12000 14000 16000 0 2000 4000 6000 8000 10000 12000 14000 16000

E_ 1 1
LexTech S—T%



X AFGROW =

Solution Limitation Goals

* Loading angle range: 0 to 90

* Crack Direction angle: 0 to 90

* Lug radius /Hole Radius: 1.25 to 10
e Lug Hight / Diameter:1to 2

e Radius/Thickness: 0.1 to 10

e A/Cgreater or equal to 0.1

e A/T:0to0.9

-
LexTech e —



Conclusions ¥ AFGROW =

AFGROW model development: corner crack in a tapered lug geometry under off-center axis
loading

1. Baseline cases for a new AFGROW lug model implementation were
developed.

2. Solution verification benchmarking was addressed for K, calculation and
remaining useful life. The multi-DOF solutions from two solvers were used as
a reference for the 4-DOF Ansys Plugin solutions.

Overall:

1. Implementation is agnostic to the geometry. Component level geometries
can be used in the Plugin.

2. AFGROW Plugin uses calculiX solver but, with a minimal update, Ansys or
Abaqgus solvers can be added as different processors.
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E AFGROW =
Proposed Models for the Handbook of FE’
Crack Growth Solutions

* Corner crack in a tapered lug geometry under off-center axis loading

e Corner crack at the hole in plate (residual stresses)

-
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