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Why are companies looking to AM? "y Altair

Al

aluminum plastic

« Today‘s market challenges:
» Lightweight eco/bionic-design
» Cost reduction

 Development
e Manufacturing Process

e Material

i Overall sales: iPhone vs. Galaxy S series W Galawy 5
«  Supply chain iy ¥ —
. etc...

» Design brings added value

GE quotes:

“By 2020 GE Aviation will

manufacture more than 100,000 66

additive parts for

the leap in GE9X engines.”
6/2010-10/201 6/2010-1/2013

“In the next 5 years we will invest

more than 2.5 billion USS in new

equipment to produce advanced

components.”

m 5 ] is currently using 3-D printers 1o ug, lexit fstreg
manufacture key parts for its next-generation jet engines omplexity comes for free
— —

“Additive manufacturing is just a
great game changer!”

Lockheed Martin Testing 3-D-Printed Subsystems On A2100 Space Bus

"My goal is to have over 50% of the structures 3-D-printed within two to three years,"

Richard Ambrose, executive vice president of Denver-based Lockheed
Martin Space Systems

Jul 24, 2014

Lockheed Martin Testing 3-D-Printed Subsystems On A2100 Space Bus | AWIN ONLY content from
Aviation Week
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Where are we today? 7y Altair
e Industrial Revolution? « $3.07B
« Maker Movement  Nearly tripled in the past 4 years
e Rapid Prototyping o 2014: $4B+
» Manufacturing -

. _ 2013: 34.9%
o Isitjust for Freaks? Is it

Over-hyped?

Desktop (home) printers: YES

Industrial Applications: NO

5 11 12 13
Source: Wohlers Report 2014

e Growth Potential:

e Global manufacturing: $10.5

ADM today
il <0.05%
trillion / o
& %
%
The Techhola gy Adoption Lifecyele Global producing

industry
\USS 10,5 Trill.2
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How to get on this train? "y Altair

How to embrace this technology?
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What does AM mean? 7y Altair

Manufacturing

Post
processing

Verification

Screening for Additive
AM suitability Manufacturing / . Qualification
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Sentinel-1 Antenna Support Bracket "y Altair

ahead. RUAG i i
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The challenge

7y Altair

4 \ AI ,[ J ir e%s ‘Together

ahead. RUAG

Original
loading

Original design
envelope

e-Manufacturing Solutions

Original Design
Mass = 1.6kg
1st eigenmode = 88.7Hz
Peak stress = 163MPa

Original
electrical
grounding

Original
interfaces
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Designing for AM "y Altair

 Multi-step design process driven by optimisation, taking the advantages from

Additive Manufacturing, but also knowing the limitations.

Conceptual Concept Concept Detailed Stress Additive
Optimisation Interpretation Design Optimisation Verification Manufacture

Model Preparation
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Model preparation "y Altair

Conceptual Concept Concept Detailed Stress Additive

Model Preparation Optimisation Interpretation Design Optimisation Verification Manufacture

Original Design Specification
e Understand where to start —— —
ey genreaiency
* Generation of Design Space » Boundary condifion  Hard Mounted
o . . * Dimensions 385 x 345 x 115 mm3
* Multiple load case creation and handling . Swioload@)  20900Y)/ 2502
= §-Band Antenna 0.783kg
= CoG Position X = 436.2mm
Y =-1081.8mm
Z = 3330 Bmm

Baseline Design Space Envelope

P
A

Hexahedral Elements

Design Space Total Elements = 236004
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Conceptual Optimisation "y Altair

Conceptual Concept Concept Detailed Stress Additive

Model Preparation Optimisation Interpretation Design Optimisation Verification Manufacture

e Optimisation problem formulation:

e Objective: Minimize Mass OR Compliance
e Constraints: Volfrac 20%, 10% 7.5% / Stress (110MPa) / 15t mode > 70 Hz

e Variables: Element densities

Contour Plot Run 160 Contour Plot fun 178 Contour Plat Run 170
Element Densities(Density) Obj FL: Min. Wt Compliance Element Densities(Density) Obj P : Min, Mass Element Densities{Density) b FL: Mlin. Mass:
Simple Average DC: 7.5 % VF; 15t Freq > TOHz Stress  Simple Average 0C: Baseline Stiffnesss; 15t Freq > 70 Hz; Stress  Simple Average DC: Baseline Stffness:; 15t Freq > 70 Hz ; Stress
1 DO0E+00 MC: Sym - single; Min mbr = 8 mm 1 000E+00 MC: Sym . single; Min mbr = § mm 1.000E+00 Sym . single ; Min mbr = 12 mm
[a S00ED1 [a,amE-m [a S00E-01
7500E01 7 800E01 7 BO0E01
—6700ED! ——6.700E01 —6.700E01
5600E-01 5 G00E-01 5B00E-01
Jillppesceps iy iy
3400501 3400801 3400E.01
230E01 23W0E01 2300E.01
1.200E-01 1.200E01 1.200E-01
1 000E-02 1.000E02 1.000E-02
Max = 1 00000 Max = 1 DODE400 Max = 1 DODE-+00
Grids 522960 Grids 522964 Grids 522961
Min = 1.000E-02 Min = 1.000E-02 Min = 1.000E-02
Grids 524958 Grids 524951 Grids 524954
o
.
g : g Goals of multiple runs:
" Ist Froquency - 72 Hz " - Ist Frequency - 72.03 Hz
LA Mass = 0.930 Kg ol .l~ Mass = 10 Kg d d d f h
1. Understand tendency of the
Contour Plot Run 16 C Contour Plot Contour Plat Run17C
Element Densities(Density) Obj ¥ : Min. wt Compllance Element Densities Density) Ob) F < Min. Mass Element Dansites(Density) bj Ft : Mlin. Mass . e .
Simple Average 0C; 75 % VF; st Freq > 10 W5 Stress  Simple Average 0C: Baseline Stiffness:; 15t Freq > 70 Hiz; Stress  Simple Average DC: Baseline Stiffness: 15t Freq > 70 Hz; Stress: 0 tl m Isatlo n
1 000E+00 MC: Sym - SPLIT; Min mbr = 8 mm 1 000E+00 MC: Sym - SPLIT; ; Min mbr = § mm 1 .000E+00 MC: Sym - SPLIT ; Min mbr = 12 mm
[a H0E01 [s S00E01 [a 0001
7 800E01 7. 800E01 7 B00E-01 2 W h H h t h H d
—B700ED1 —6.700E01 —6700E01 . ICh are e pr“ na ry an
osEn osmeD o
£ 50E01 150EM 4500E01 d I d t h
340601 30501 by seconaary load patns
E: 30E01 Ez 00501 Ezanne ot 5
1.200E-01 1.200E01 1.200E-01 3 N |
1 00E-02 1 000E-02 1.000E-02 . umerical nolser
Max = 1,000E400 Max = 1,000E+400 Max = 1.000E+00 4 . .
Grids 522971 Grids 522985 Grids 522982 E I d ff t d g
Min = 1.000E-02 Min = 1.000E-02 Min = 1.000E-02 . X p ore dairreren esigns
Grids 524954 Grids 523008 Grids 524958

5. Observe similarities

z z z
% Tst Froquency - 70 Hz = st Frequency - 122 K2 o Tst Frequoncy - 7113 Hz
Y |4 Mass = 0930 Kg .l Mass = 0.850 Kg L Mass = 1.065 Ky
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Conceptual Design "y Altair

Conceptual Concept Concept Detailed Stress Additive

Model Preparation Optimisation Interpretation Design Optimisation Verification Manufacture

e Obtained topology must be realized into a proper CAD design

* Apply design principles and interpret results

e Understand results from optimization
* Cross sections geometries depending on structural behavior
* Apply design principles to generate an organic design

* Understand and apply design principles and limitations from AM
e Overall architecture of support structure (slicing with Magics, Cura,

Repetier, etc)

* Overhang angle consideration
* Heat dissipation and stress concentration

* Post processing consideration

* Recoater force
i

Cross Section
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Conceptual Design "y Altair

Model Preparation ConeeEie] Concept Concept Detailed Stress Additive

Optimisation Interpretation Design Optimisation Verification Manufacture

e Traditional CAD tools modelling approach is limited and time consuming.
* High level of freedom is required.

e Hybrid modelling tools

* Boolean approach
* NURBS surface modelling
*  PolyNURBS

Standard formats:

= Parasolid
= STEP
= IGES

e solidThinking
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Detailed Optimisation "y Altair

Conceptual Concept Concept Detailed Stress Additive
Optimisation Interpretation Design Optimisation Verification Manufacture

Model Preparation

* Secondary Topology iterations are carried out to evaluate and tweak the interpreted
model from Loop 1.

* Findings from Loop 2 topology iterations to be implemented in the new CAD

Cross member could be
discarded

Contour Plot
Element Densities(Density)

1 D0DE-+00
EB A00E-01
7 BO0E-01

——6.700E-01

[5 GODE-01
4 BUE-I

3 400E-0
2 300E-01
1 200E-M
1.000E-02

Max =1 000E
30 699793

Min = 1.000E-02
3D 716255

Shear web could be replaced
with cross members
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Detailed Optimisation "y Altair

: Conceptual Concept Concept Detailed Stress Additive
Model Preparation Optimisation Interpretation Optimisation Verification Manufacture

« Detailed tuning for manufacturing.
 Overhang angle minimisation.

 Cross section optimisation for AM.

Sharp edge

[C:\Users\bes\Deskiop\PicB.PNG|

Sharp edge
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Final Optimised CAD Model:

Model Preparation

Conceptual Concept

Optimisation Interpretation

Concept Detailed Stress
Design Optimisation Verification

7y Altair

Additive
Manufacture

Second order mesh for precise results:

Contour Plot
Eigen Mode(Mag)
Analysis system

1.00E+00
[3 B9E-O1

7.78E-01
—B.67ED!

[5.5&[-01
4 44E-01

3.33E01
22ED
1.1ED
0.00E+00

Max = 1.00E+00
Min = 0.00E+00

Model info: Model
Final Optimized Model
Mode 1: F=91.44 Hz

Frame 25

First Frequency in 91.44 Hz

Loadcase Title | First Buckling LoadFactor
U_LC1 18.2
U_LC2 18.3
U_LC3 46.1
uU_LC4 45.9
U_LC5 46.1
U_LC6 45.9
U_LC7 18.2
U_LC8 18.3

Contour Plot Subcase 11 (U_LCT)
Element Stresses 20 & 30){vonMises)
Analysis system

[1.25E+0'2
1.00E+02
=B.33E+D1

tE.E;?E-Pm
5.00E+01

3.33E+01
1.67E+01
0.00E+00

-1 BTE+HD1

ax. Value = 100807

Max = 1. 01E+02
Min = 30E03

=107
L% 1atic Min, Value = 0.003

Stress distribution is below 110 MPa

The buckling loadfactors
are all above 1.2
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Result

4 weeks

Mass = 1.626 Kg
15t Eigen mode = 88.7 Hz
Peak Stress = 163 MPa

7y Altair

Mass = 0.936 Kg
15t Eigen mode = 91.44 Hz
Peak Stress = 103 MPa
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Additive Manufacturing and Testing 7y Altair

Conceptual Concept Concept Detailed Stress Additive

Model Preparation Optimisation Interpretation Design Optimisation Verification Manufacture

e EOS M400 with AlSi10Mg alloy
e Surface finishing
e Support structure removal

* Interface machining for geometric tolerances
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Model Philosophy

Qualification

Geometrical verification \
Modal verification
Quasi-static load test

Sine vibration tests (3-dir.)

Random vibration tests (3-dir.)

7y Altair

-

Vibration Test /

o

Geometrical verification
Modal verification

Quasi-static load test

\

)

Together

ahead. RUAG
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Verification 7y Altair

« Comparison of CAD model with physical model through Computer
Tomography.
« Scan resolution of 320 um

Wariancall mm]

[iLA0T

Together
ahead. RUAG
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Verification v Altair

 Test specimens printed in the same job to corroborate material

properties.

Together
ahead. RUAG
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Verification v Altair

* In-plane (XZ) low level sine sweep to verify the frequency requirement

Frequency search spectrum

Frequency [Hz] Amplitude [g] Speed [oct/min] direction
5 to 2000 0.2 2 One sweep up

Predicted
TEST RESULTS (Optistruct) Measured (Test)

1st Eigen frequency (X) 90.0 Hz 91.4 Hz
2nd Eigen frequency (2) 106.9 Hz 109.0 Hz

<= X-response - =t Z-response =
o ——| = = "I[
[ 1 | W i
S=== B | ————— |l R || —
) R — / AN iy / '
i I —— \vawal 1 A L / '1
— |\ L / 11 A N
is r 1 RN, AT
LM | [ L.
| L
! \

1014ee3

Wi
it

m Together
ahead. RUAG

i
afs
B
i
T
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Verification

7y Altair

Out-of-plane (Y) low level sine sweep to verify frequency requirement

Predicted
(Optistruct) Measured (Test)

TEST RESULTS

1st Eigen frequency 106.9 Hz 107.8 Hz
100 —
——FEM_response_Y | |
I1n7R;7RAI -
——Test_response_Y | |
106.9;28.3 ||
10
|
1\
'I \
AT\
1 — A\ *  E—— n
1ha \\\" ) l'l'\ 1 W e il A
N\ I\ mi | |
|\ /| 1
\ \\ / /
\ M\ \. I
N\ N/
| \ / ~ ||
| Y / |
A\ |
[ W
0.01 \= \
= 1
0.001

Together
ahead. RUAG
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Qualification

« Strength verification under static, sine and random loading

Strain{P1 {major, Max)
Analysis system
Wiultiplier = 1.00000E+06

086.94
[?88 34
639.84

—4a91.29

49274

—394.20
29565
19710
98.55
0.00

Max = 836.94
Shell 1151369
Min=0.00

Shell 1105047

Cantour Plot SUBCASE 200 = LINEAR STATIC ANALYSIS (+25GZ +20Gx

ntour Plot
ain{P1 {major), Max)

316.00
296.68
— 27737
258.05
23874
219.42
200011

El

Max Principal Strain: 373.94

ement: 1100236

SGO09: 246pe

W
Contour Plot iy .

Strain(P1 (maj -
Analysis systd &
lement: 1112553
Max Principal Strain: 372,996

373.00
[353.?8

ERe
— 314348
29613
—276.81
25770
23848
219.26
200.05

Max = 373.00
Shell 1112553
Min=200.05

Loy g o Tnac

z

o fx
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Qualification

VideoMach unregistered
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Additive Manufacturing Development Process "y Altair
s
* Functional analysis e Optimisation e Quality control

» Topology optimisation e Post-Processing e Test definition

e CAD Interpretation o Samples definition e Qualification testing

o Size/Shape optimisation * Process control * Model correlation

» Detail stress analysis
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Conclusion

« Altair technology is industry proven to
provide the right solution.

 +20 year of development of OptiStruct

 +20 years of development of Evolve

 Bestin class technology and software
used as a seamless AM design tool.

 Experience and collaboration in the field of
lightweight design and AM

Printing the future: Airbus expands its applications of
the revolutionary additive layer manufacturing process

3MARCH 2014+ [EIIGEETE

Innovative 3D-printing (additive layer manufacturing)
technology used by Airbus is beginning to shape the future
of aircraft component manufacture for its jetliners.

Parts produced with this method are beginning to appear on
a range of the company's aircraft — from the next-generation
A350 XWB to in-semvice jetliners form the comerstone
A300/A310 Family. The 3D-printing results in lighter parts,
with shorter lead times, fewer materials used during
production and a significant reduction in the manufacturing
process’ environmental footprint.

“We are on the cusp of a step-change in weight reduction
and efficiency — producing aircraft parts which weight 30 to 55 per cent less, while reducing raw material used by 90
per cent,” said Peter Sander of the Airbus. “This game-changing technology also decreases total energy used in
production by up to 90 percent compared to traditional methods.”

Courtesy of RUAG Space

Press Release Airbus March 2014
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Questions "y Altair
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Appendix: Test campaign RUAG

7y Altair

[ SENTINEL-1 Antenna Support Bracket }

NDT
(Non Destructive Testing)

CT -Testing
(Computer Tomography)

Mechanical Testing Mechanical Testing Physical Testing
(Component Level) (Coupon Level) (Coupon Level)

Thermal Cycling

Tensile Testing

SCC
(Stress Corrosion Cracking)

Eddy Current Testing

Quasi-Static Testing

Fatigue Testing

Surface Corrosion
(Neutral Salt Spray Test)

CMM
(Coordinate Measure
Machine)

Low Level Sine

Fracture Toughness
(K1C)

SEM
(scanning electron
microscope)

High Level Sine

Hardness

Micro Sectioning
(incl. Metallography)

Random Spectrum

Creeping

Rupture Testing
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