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Arne Kjaer
CEO / owner @ PTFE Engineering

® Polymer Specialist and Mechanical Engineer from the Technical
University of Denmark

® 39 years of experience in development of material
compositions and processing within the PTFE industry

® First FEA material model work in 1992 with the University of
Stuttgart

® Polymeric Materials Modeling for 6 years with, Autodesk
Nastran, LS Dyna, COMSOL and ANSYS.

® Meet David first time at AU 2015 in Las Vegas
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David Weinberg

® Distinguished Research Scientist with Autodesk

® Autodesk Product Development and Manufacturing Solutions
(PDMS), Nastran Simulation and Generative Design group

® Primary developer for Autodesk Nastran and Inventor Nastran
® Currently lead the team of developers for Autodesk Nastran

® Over 35 years’ experience in FEA simulation working both as a
user for several large Aerospace companies and as a developer

® Retired USAF aircraft commander/pilot
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AUTODESK UNIVERSITY

AU presentations by

® David and Arne

AU 2018 — Las Vegas

® Challenges of Simulating
Advanced Materials in
Nonlinear Applications

AU 2019 - Las Vegas

® Simulating with Nonlinear
Materials like Hyperelastic
and Isotropic Polymer
Material
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Safe Harbor Statement

We may make forward-looking statements regarding planned or future development efforts for our existing or new products and services and statements regarding our strategic
priorities. These statements are not intended to be a promise or guarantee of business results, future availability of products, services or features but merely reflect our current
plans and are based on factors currently known to us. These planned and future development efforts may change without notice. Purchasing and investment decisions should not
be made based upon reliance on these statements.

A discussion of factors that may affect future results is contained in our most recent Form 10-K and Form 10-Q filings available at www.sec.gov, including descriptions of the risk
factors that may impact us and the forward-looking statements made in these presentations. Autodesk assumes no obligation to update these forward-looking statements to reflect
events that occur or circumstances that exist or change after the date on which they were made. If this presentation is reviewed after the date the statements are made, these
statements may no longer contain current or accurate information.

This presentation also contains information, opinions and data supplied by third parties and Autodesk assumes no responsibility for the accuracy or completeness of such
information, opinions or data, and shall not be liable for any decisions made based upon reliance on any such information, opinions or data.

Autodesk’s partners frequently compete against each other in the marketplace, and it is critically important that all participants in this meeting observe all requirements of antitrust
laws and other laws regarding unfair competition. Autodesk’s long insistence upon full compliance with all legal requirements in the antitrust field has not been based solely on the
desire to stay within the bounds of the law, but also on the conviction that the preservation of a free and vigorous competitive economy is essential to the welfare of our business
and that of our partners, the markets they serve, and the countries in which they operate. It is against the policy of Autodesk to sponsor, encourage or tolerate any discussion or
communication among any of its partners concerning past, present or future prices, pricing policies, bids, discounts, promotions, terms or conditions of sale, choice of customers,
territorial markets, quotas, inventory, allocation of markets, products or services, boycotts and refusals to deal, or any proprietary or confidential information. Communication of
this type should not occur, whether written, oral, formal, informal, or “off the record.” All discussion at this meeting should be strictly limited to presentation topics.

PLEASE NOTE: AU content is proprietary. Do Not Copy, Post or Distribute without expressed permission.
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Learning Objectives.

® Prepare the Inventor Assembly to the Nastran Simulation.

e Setup of a Nonlinear Static Nastran Analysis from an Inventor Assembly.
e Using Material Model Data from Customer Material Measurements.

e Using multiple Subcases using same constrains and loads.

e Setup of Enforced Motion, Surface Pressure.

e Optimize the Mesh and Mesh Control to get reliable results in less time.
e Special Parameters setting to help the Analysis Running.

® Looking at the Results
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Case Story

An Inspection Hatch in a Machinery
with high Pressure and elevated
Temperature need to be sealed of so
the inside substance can not escape
to the outside.

This Hatch is constructed to be used
for this demonstration of
Inventor Nastran 2023.

This case is constructed only for the
AU 2022 in New Orleans, USA.
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Ca se Sto ry Cross section of the Hatch showing the

Sealing System making a tight assembly
between the lid and the groove.

The Seal is a high-pressure Metal Spring
Activated Seal supported by a PEEK Back
UP Ring to prevent the Seal the escape
in the clearance between the groove
and the Lid.

Pressure and temperature in such a case
will typically be room temperature and
compressed air-pressure.

In this case here we calculate with much
higher pressure 1450 psi.

Temperature will be calculated at 73°F
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Case Story
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Case Story

We need to make this
Assembly simpler to be
able to simulate it.

The Metal Spring has to
be exchanged by a spring
force or a surface
pressure.
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What do we simulate in this class ?

Initial compression of the installed seals, metal spring simulation and high-pressure simulation
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Autodesk Inventor Nastran 2023 Assembly
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Autodesk Inventor Nastran 2023 Assembly

Enforced Motion Lid

The Inventor Assembly are
consisting of 4 .ipt made as
a simplified version of the
original model files.

PEEK Bac This is in order to have a
smaller and easier assembly
to run in the Nastran 2023

Surface Split
b / ENR501474_AU22_Assembly v2

PTFE Seal / Metal Spring Activated

Fixed Constrained Seal Groove
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Autodesk Inventor Nastran 2023 Assembly

Enforced Motion Lid I;Ne cut out a smaller slice
rorced WoHon rom the Assembly, in this

case we are using +0,50°
ffrom the radial centerline.

PEEK Back Up Ring This will make the

symmetry easier when
specifying the symmetry
constrain in the simulation
model in Nastran 2023

N ; PTFE Seal / Metal Spring Activated

Fixed Constrained Seal Groove »2 AUTODESK UNIVERSITY



Autodesk Inventor Nastran 2023 Assembly

Surface Split The Seal has been split into
/ several surfaces in order to
apply forces and constrains
nto smaller parts of
surfaces. We will later apply
a load on those areas.

/ Surface Split
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Material data kindly provided by

Dr John Grasmeder, Chief Scientist, Victrex plc, Victrex Technology Centre

VICTREX™ PEEK 450G
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Material data measured and engineered by

PTFE Engineering A/S

PTFE with CF Filler Stress - Strain Curve Eng
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Your Own Material data




PTFE Material Data

« Basically, we now have data to run a simple FEA.

« With a few additional information’s we are actually ready to go with a
not too bad first simulation.

* You will also need the following information’s.
* Mass density (Specific Gravity)
+ Reference Temperature
» Elastic modulus (Tensions / Compression)
» Poisson’s Ratio
* Tensile Limit
« Compressive Limit
* Yield Limit (Initial Yield Stress)
* Tangent Modulus

« Thermal Expansion Coefficient
»2 AUTODESK UNIVERSITY



PTFE Material Data

Standard ASTM D638M Type 1 Short Tensile Test

The 3 different test we items we typically use when we start
creating materials data for FEA

»2 AUTODESK UNIVERSITY



PTFE Material Data

PTFE TF1620 @ 23°C

o o1 02 03 04 05 06 07 08 09 1€1DH 12
e

Tensile Test Bar according to ASTM D638M Type 1 - Short

The normal length of ATSM D638M is 175 mm and we use only 100
mm. We have a gauge length of 25 mm and we typically test at a
strain rate of 0,01 s~ 1

»2 AUTODESK UNIVERSITY



PTFE Material Data

PTFE TF1620 @ 23°C

-0,5 -0,4 -0,3 -0,2 -0,1 0

Compression Test Billet
@12, 7 mm x 12,7 mm
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PTFE Material Data

Thermal Expansion PTFE Engineering A/S

11,325
11,300
11,275
11,250
11,225

£ 11,200

€ 11,175
11,150
11,125
11,100
11,075
11,050

-201510-5 0 5101520253035404550556065707580859095.000%101%20
°C

Thermal Expansion Test Bar
1,75mmx 1,75 mm x 11,0 mm
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Engineering stress to True stress

Tensile Test PTFE CF10 03A Eng / True Stress — Strain [MPa]

100 MPa Otrue = Oengineering * (1+ €engineering )
90 MPa €true = IN(1+ €engineering )
80 MPa
70 MPa Orue = true stress \ _
True Stress - Strain
60 MPa €rrue = total true strai
50 MPa
40 MPa Engineering Stress - Strain
30 MPa v
20 MPa
10 MPa
0 MPa
0,00 0,25 0,50 0,75 1,00 1,25 1,50 1,75 2,00
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PTFE Material Data

PTFE + GF Filler ( Strain Rate 0,01 s-')
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5
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Strain [e]
......... @-15°C  weeevees @ 23°C eeeeeeees @ 120°C ommmm—T @ 23°C T@ 120°C T@ -15°C
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Mesh Aspect Ratio

Data on the thin beam w/ contact

experiments (with ENHCCONTACTRSLT=0FF):
Tet Aspect Ratio 8:1 - 77% disp error
Tet Aspect Ratio 3:1 - 34% disp error
Tet Aspect Ratio 1:1 - 1.9% disp error

If that aspect ratio is close to 1:1 you should

] 3-Point Bending - Thin
get good displacement results and not need
mu|t|p|e elements th rou gh the th|Ckn ess AT Do ians 0087 bkl

For a 6:1 AR version with 3 layers:
Tet Aspect Ration 6:1 (3 layers) - 10.4% disp error

Getting good aspect ratio is key for
ENHCCONTACTRSLT=0OFF models

ENHCCONTACTRSLT=OFF ENHCCONTACTRSLT-SEGMENTED ~ ENHCCONTACTRSLT=PARABOLIC

4 AUTODESK UNIVERSITY



Mesh Aspect Ratio

ENHCCONTACTRSLT
Description Type Default
Enhances the contact element formulation for parabolic tet elements. When activated, it will subdivide parabolic tet ON/OFF AUTO
element primary surfaces into 4 separate sub-surfaces and avoid linearizing the element face. AUTO

If the model does not have contact on parabolic tet elements, this parameter will have no effect on the solution.

Parent topic: Results Processor Parameters

4 AUTODESK UNIVERSITY



Mesh Aspect Ratio

Model with bonded contact between thin parts behaving too stiff in simulation < SHARE

2018-09-05 | Technical Support

Issue:

A model composed of thin parts does not bend properly, such as multiple layers through the thickness of a printed circuit board (PCB). The displacement is too small. This issues applied to products that are using
Nastran solver i.e. Autodesk Nastran, Inventor Nastran, Nastran In-CAD and Fusion 360 Simulation

Causes:
The bonded contact is acting too stiff
Solution:

Option 1: (Applies to Inventor Nastran, Nastran In-CAD, Nastran)

If the model is composed of parabolic solid elements (tet elements), change the Parameter ENHCCONTACTRSLT to ON. This causes the contact to follow the parabolic elements more accurately. (In Nastran In-CAD, edit
the Parameters branch in the browser and find ENHCCONTACTRSLT.)

After changing ENHCCONTACTRSLT, It may also be necessary to adjust the Stiffness Factor to a smaller value in order to obtain a more accurate solution.

Option 2: (Applies to Inventor Nastran, Nastran In-CAD, Nastran, Fusion 360 Simulation)
If the model is composed of parabolic solid elements (tet elements), use offset bonded contact with activation distance specified.

Products:
Fusion 360; Nastran; Inventor Nastran;
Versions:

all;

4 AUTODESK UNIVERSITY
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Elastoplastic material model Professor Nam-Ho Kim
Mechanical and Aerospace Engineering

Strain Hardening, Work Hardening University of Florida
« More stress is required to continue yielding
* Yield strength is a function of plastic strain

* Yield strength ~ Plastic strain

Stress Hardening

p Perfectly plastic
[ cy(€7) J |
T Softening

Hardening model

Stral n 4 AUTODESK UNIVERSITY



Elastoplastic material model Professor Nam-Ho Kim
Mechanical and Aerospace Engineering

Isotropic hardening model University of Florida

* Yield strength increases for both tension and
compression

* Yield strength ~ Plastic strain
[GY(Sp) =cy + Hsp}

1

Initial Plastic
yield strength  modulus Oy

* Yield condition

UG| <o,(e" )J
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Elastoplastic material model Professor Nam-Ho Kim

Mechanical and Aerospace Engineering
University of Florida

Kinematic hardening model

« The range of yield strength remains constant
« The center of yield strength moves along with plastic strain

: : : o4
» Center of yield ~ plastic strain

a(e?) = HEeEP ]
Center of yield Plastic modulus / -
/.

* Yield condition
UG — oc(ap)‘ < G?(J /
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Elastoplastic material model Professor Nam-Ho Kim

Mechanical and Aerospace Engineering
University of Florida

Hardening model in 3D space

* Yield region as a surface (yield surface)

« Isotropic hardening: the radius of yield surface increases

« Kinematic hardening: the center of yield surface moves

|sotrQpic hardening

Initial yield surface Initial yield surface . aropesk unversiy



Elastoplastic material model Professor Nam-Ho Kim

Mechanical and Aerospace Engineering
University of Florida

Bauschinger effect

* Many metals shows a reduced yield strength when loading direction changes
* Due to the accumulation of dislocation gA

 Combined hardening model

|o—Boe?)| = @—B)oy (7)

—o NS
/

4 AUTODESK UNIVERSITY

e B =0:Isotropic hardening

e B =1:Kinematic hardening




Elastoplastic material model Professor Nam-Ho Kim

Mechanical and Aerospace Engineering
University of Florida

Strain-hardening model in Nastran

* Incrementally linear hardening model

* The slope of initial yield (e,, s;) must be Young’s modulus

->
Strain
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Nastran Material Model from your own test data

Isotropic Plastic Material Model — Nastran Material Data Input

In order to build up your own polymer material model you will need some information’s regarding
your polymer material behavior

In this example | am showing here | build up a polymer material model representing, a PTFE
material reinforced with Carbon Fiber

Most of the needed information’s you will have to measure yourself or have a professional
laboratory to measure the data for you

Here its very important to decide on how many different temperatures and testing speed you will
need to measure in order to cover the range of your application

In order to have relevant information’s we have also produced the test parts in order to have full
knowledge about the production parameters which in many cases have an influence on the
internal structure of the polymer and therefor also the strength
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Nastran Material Model from your own test data

Isotropic Plastic Material Model — Nastran Material Data Input

General

® Mass Density
® Damping Coefficient

® Reference Temperature

Structural

® Elastic Modulus (Table with Temperature Dependence)
® Shear Modulus calculated as E/(2*Poissions Ratio)

® Poission's Ratio

Allowables

Tensile Limit
Compressive Limit
Shear Limit

Yield Limit
Failure Theory

None
Von Mises Stress

Principal Stress
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Nastran Material Model from your own test data

Isotropic Plastic Material Model — Nastran Material Data Input

Thermal

® Specific Heat

® Thermal conductivity
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Nastran Material Model from your own test data

Isotropic Plastic Material Model — Nastran Material Data Input

Hardening Rule

® [sotropic
o Kinematic

o lIsotropic + Kinematic

Yield Criterion

® \/on Mises
o Tresca
o Mohr - Coulomb

o Drucker — Prager

O

Nonlinear

None
Nonlinear Elastic
Elasto-Plastic (Bi-Linear)

Plastic

Data Input

Strain
0

Yield
XXX

Stress
0
Yield

Yvy
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Stress [MPa]

40,0
38,0
36,0
34,0
32,0
30,0
28,0
26,0
24,0
22,0
20,0
18,0
16,0
14,0
12,0
10,0

8,0

6,0

4,0

2,0

0,0

PTFE Reinforced 23°C ; Strain Rate 0,01 s’ ; Isotropic Elastoplastic material model

Calculated True Stress Strain Data

Test Data from Tensile Test Machine

0,00 0,10 0,20 0,30 040 0,550 0,60 0,70 0,80 090 100 1,10 1,20 1,30 1,40 150 160 1,70 1,80 1,90 2,00

Strain [e]

Strain Stress True Strain True Stress
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10
9,5

8,5

7,5

> o o
[ RN RN, B T

Stress [Mpa]

Engf;neering Tensile Test Data

PTFE Reinforced 23°C ; Strain Rate 0,01 s’ ; Elastoplastic material model

E yv=1079,5x - 1,2955

Yield Point
Footer Corrected

Calculated Yield Point

0,002 0,003 0,004 0,005 0,006 0,007 0,008 0,009 0,01

Strain [e]
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Nastran Material Model from your own test data

Isotropic Plastic Material Model

® Using your Engineering Tensile Test Data measured at a temperature and strain rate

Insert the data in an empty Excel Sheet and make a graph of the stress strain curve
® OQverlay the curve with a line to illustrate the Youngs Modulus or Elastic Modulus
® Make a line with (I typically us 50% of the Elastic Modulus) as tangent to the measured curve

® Excel can show you the mathematic of the two lines and from those you calculate the crossing
point between the lines this is the calculated Yield Point

® Also calculate the Elastic modulus lines crossing at y=0, this it the footer
® Now you correct the measured data with the footer offset
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Nastran Material Model from your own test data

Isotropic Plastic Material Model

Now you correct the measured data with the footer offset and make the first point @ 0;0 and the
second point as the corrected Yield Point

The rest of the curve | typically reduce to have only 1 point for each 100 measured points
| then calculates the Trues Stress Strain curve using the recognized transformation

True Strain = LN(1+ Engineering Strain)

Trues Stress = Engineering Stress * (1 + Engineering Strain)

The Nastran Input will then be Trues Strain ; True Stress
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