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Project Partners

Leichtbau-Zentrum Sachen

= Material test evaluation

= Analytical calculation methods
= Numerical simulations with

Abaqgus
;% . T 3 ALTAIR Engineering
8 Hagen- ! . .
O - Advanced numerical material
el enorc en o
Koln methods
O . . . .
8?3”‘?% i = Numerical simulations with
o 2 : OptiStruct/Radios
Q Kaiserslautern .
oY o B A, T Boeing Research & Technology
G) = Material & failure models
(@) Q) Miinchen . .
‘80 - Analytical calculation methods

(EN e

= Numerical simulations with
MSC Nastran
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Material Test Data

Ply based
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Material Behaviour, Uniaxial Tests

Tension Compression Shear

ASTM D3039 ASTM D 6641 ASTM D 5379

Standard Test Method for Tensile Standard Test Method for Compressive Standard Test Method for Shear
Properties of Polymer Matrix Composite Properties of Polymer Matrix Composite Properties of Composite Materials by
Materials Materials Using a Combined Loading  the V-Notched Beam Method

Compression (CLC) Test Fixture

2X tension, 2x compression, 1x shear, 8 specimen, 3 temperatures, 3 batches
360 test results for one material

Copyright © 2019 Boeing. All rights reserved. 5/1/2019 7
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Nonlinearity on macro scale

Tension, Compression & Shear of UD and woven ply
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Loading curves
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« UD ply: pronounced material asymmetry with progressive fiber tensile response
« BD ply: showing effects of internal reinforcement architecture in stiffness and strength
« Comparing UD and woven response

Copyright © 2019 Boeing. All rights reserved.

* Comparing Warp and Fill response
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Nonlinearity on macro scale

Summary: Data for macro / micro mechanical models
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Examples of Numerical
Simulations

Ply based CUNTZE-BOLD Material & Failure Model
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CUNTZE-BOLD material & failure model

Pre-Failure: BOLD material model

= Formulation to describe stress-strain
material behaviour with a single
equation based on physical effects

= No additional test

Failure: CUNTZE failure criteria

» State-of-the-art failure prediction
based on failure modes and valid for
unidirectional and woven materials

= No additional tests

Post-Failure: BOLD material model

= Proper description after ply failure
In laminate

= No additional tests

Copyright © 2019 Boeing. All rights reserved.

iE

Direction 1

Direction 2

Direction 1-2

Unidirectional Material: IM-Fibre and Epoxy Resin

50

Woven Material: HT-Fibre 2x2 Twill

Direction 1

Direction 2
Unidirectional Material: IM-Fibre and Epoxy Resin

and Epoxy Resin

Direction 1-2

p
o — / .
/
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Direction 1

Example |: single Element with single material under uniaxial loading

Direction 2
Unidirectional Material: IM-Fibre and Epoxy Resin

Direction 1-2

Boeing Research & Technology
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Summary: 2D (<) and 3D (A) elements show recommended behaviour

Stain gy [-]

Copyright © 2019 Boeing. All rights reserved.

Strain g¢[-]

Shear Strain fye[-]

5/1/2019 12



Engineering, Test & Technology

Boeing Research & Technology

Example [1: single Element with single material under multi-axial loading

Displacement Based

G, [N/mm?]

50 1

04-0,-Diagramm
UD material
© Nastran: 2D CUNTZE-BOLD 60%

@ Nastran: 3D CUNTZE-BOLD 60%
analytical: Cuntze-Bold 60%

-250 -

&, [N/mm?]

1000 +

Advantage
= Clear stress state

500 ay [N/mm

G,-0,-Diagramm
WOVEN material
© Nastran: 2D CUNTZE-BOLD 60%

@ Nastran: 3D CUNTZE-BOLD 60%
analytical: Cuntze-Bold 60%

-750

Challenge
= High number of combinatic
= Enforced displacements

-750

Copyright © 2019 Boeing. All rights reserved.

1000 ¢ (N/mm?]

G,-T,,-Diagramm
UD material

@ Nastran: 2D CUNTZE-BOLD 60%
@ Nastran: 3D CUNTZE-BOLD 60%
analytical: Cuntze-Bold 60%

12 [N/mm?]

100 +

0,-T;,-Diagramm
WOVEN material

T3 [N/mm?]

100 +

50 G, [N/mm?]

@ Nastran: 2D CUNTZE-BOLD 60%
@ Nastran: 3D CUNTZE-BOLD 60%
analytical: Cuntze-Bold 60%

1000 , [N/mm?]
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Layup
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Fabric
UD
UuD
Fabric
UD
Fabric
UD
UD
Fabric
UD
Fabric
uD

Engineering, Test & Technology

+45°
0°

0°
+45°
90°
+45°
90°
90°
+45°
90°
+45°
0°

uD 0°
FabriiB45°

Boeing Research & Technology

Example [11: Layup with different materials under combined loading

Model Description

3D Hex8 Elements
One Element per Ply
One Layer per Element

Displacement Loading
= Tension
= Compression

Displacement applied via Rigid Body
Element (RBE) with only coupling in
load direction

5/1/2019 14
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Example [11: Layup with different materials under combined loading
Load: Tension

Total Damage

Fabric
ubD
ubD
Fabric
UD
Fabric
UD
UD
Fabric
UD
Fabric
ubD

+45°
0°

0°
+45°
90°
+45°
90°
90°
+45°
90°
+45°
0°

ubD 0°
FabriiB45°

No Dat
1.0

09

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Force [N]

3000

Tension

2500

2000

1500

1000

500

0

L

0.000

0.005 0.010 0.015 0.020

Displacement [mm]
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Example [11: Layup with different materials under combined loading

Total Damage Load: Compression
No Dat Compression
1.0 Displacement [mm]
Fabric +45° 001 -0.0075 -0.005 -0.0025 O
UD 0° 0.9 0
ub 0° 0.8 -200
Fabric £45°
UD 90° 0.7 -400
Fabric +45° /M -600
uD 90° oo
UD 90° o B
Fabric *45° 1000 8
UD 90° 0.4 :
Fabric +45° 200
ubD 0° 03 -1400
ub 0° 0.2 -1600
FabriiB45°
0.1 -1800
0.0I -2000

5/1/2019 16
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Example I\ compression after Impact Model

Compression After Impact

Part (100mm x 150mm)
Different Energies @ Pin
". +8 " “/

= Typical 25J to 50J
= Two different weights
= Corresponding height

Rubber
Fixing System

Steel Plate

ﬁﬁ Mechanism

Window 75mm x 125mm Steel Plate

5/1/2019 17
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Example I\ compression after Impact Model
Impact: ANALYSIS=NLTRANS Compression: ANALYSIS=NLSTAT

25J

50J

5/1/2019 18
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Example I\ compression after Impact Model
Impact: ANALYSIS=NLTRANS Compression: ANALYSIS=NLSTAT

25J

50J

5/1/2019 19
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Example I\ compression after Impact Model
Impact: ANALYSIS=NLTRANS Compression: ANALYSIS=NLSTAT

25J y 25J o

50J o 50J o

5/1/2019 20
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Example I\ compression after Impact Model

Force-Displacement Diagram: Test vs. Numerical Simulation

Force [N]

Force [N]

Copyright © 2019 Boeing. All rights reserved.
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Boeing Research & Technology

Displacement [mm]
-0.6 -0.4

—Tesl 1
— Tt 2
— Test 3

== == = CUNTZE-BOLD Nastran Result

-

35) impact energy

Displacement [mm]
-0.6 -0.4

50J impact energy

Good correlation between test and numerical simulation
BUT: What about deviations in fibre volume content?
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Industrial Use of
Multiscale Designer

Altair
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Multiscale Designer

Step 1:
= [nverse Characterization

= From homogenized ply and fiber behavior to matrix behavior with known
fiber volume fraction

Matrix Behavior _ Homogenized Behavior Fiber Behavior
4 oo | 4 cooe | 4 o |
Propertiesi Inve rse Propertiesi Properties /|
_| ey - | @ - | /i
I Strain > Strain > IStrain >

= All test results can be used
— Tension
— Compression
— Shear

5/1/2019 23
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Multiscale Designer

Parametric Unit Cell Library

Square Square w/ Interphase Hexagonal Hexagonal w/ Interphase NonCrimp Fabric (NCF) Discontinuous Fiber

Fiberous
A ks
Cubic w/ Interphase BCC BCC w/ Interphase
Particles
A ks
Plain Weave 5 Harness Satin 8 Harness Satin ( 2x2 Twill \
Weaves
!»( !»( lw
2D Chopped Fiber Ellipsoids
Random

Inclusions @

5/1/2019 24
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Multiscale Designer

Determining Homogenized Engineering Constant

= The 21 independent engineering constants that define the anisotropic stiffness
matrix are determined by placing a specimen of material under 6 different
strain boundary conditions within the linear elastic regime.

= Boundary conditions

BC1 ¢&=1 Ey=&3=y12=)23=013=0
BC2 ¢&=1 & =63=)12=y23=r13=0
BC3 &3=1 & =6 =y12=y3=r13=0

BC4 y1p=1 & =6y =863=Y3=y13=0

BC5 yx;3=1 & =& =&=r=r3=0

BC6 )13=1 & =&y =& =)y1p=y3=0

5/1/2019 25
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Multiscale Designer
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Boundary Condition #1 Boundary Condition #2 Boundary Condition #4

& =1 £E2=63=712= V23 =13 =0

o1 Cy 12 13 14 15 16 | |1
o Cy 22 23 24 25 6| |0
O3 _ sy 32 33 34 35 6 | |0
T Cy 42 3 44 45 6| [0
T3 Cs 52 53 54 55 s6 | |0
T3] | Ca 62 63 64 55 66 | 10

C1=01.05,=6,.05,=063.Cy =715,05, =T33.C4, = T3

where;
5 - [oydv 5, - [oydv ofc...
[av [dv
3
T
—2
G4 under g4

Copyright © 2019 Boeing. All rights reserved.

& =1 &1=83=712=7V3=73=0
‘?1 11 Clz 13 14 15 16
P 1 Cn @ @ s 6
53 _ 31 CSZ 33 34 35 36
flz 41 C42 43 44 45 6
Ty s1 Cso s Qs s Uss

T3 61

o o O O = O

M=l =&=8&=)Vn=r;=0

El 11 12 13 Cl4 15 16 0
52 21 Y22 23 C24 25 6 0
63 — 31 *32 33 C34 35 36 0
?12 41 Y42 43 C44 45 6 1
fZJ 51 *52 53 C54 55 56 0
z_—l3 [ §6l w‘52 63 C64 65 66 | 0

Ci2=01.C =03.C3 =65.Cp =112, Csy = T23.Ca = T3 €y =7, Cyy = 7,,C3y =03, Cyy = 713, Csg = 723.Cy =713

where;
. :jaldv = :jazdv otc...
! jdv 2 jdv

>,
—> >

G, under g5

where;
= :jaldv _ :jozdv et
Yojay T [

f

@
uYu_’z

T12 under Y12
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Multiscale Designer: Comparison Test vs. Multiscale Designer

Direction 2
Unidirectional Material: IM-Fibre and Epoxy Resin

Direction 1 Direction 1-2

3000

3000 50 50 250 250
. MSD: shear
CUNTZE-BOLD: tension
2500 R 2500 200 CUNTZE-BOLD: shear 200
----- MSD: tension 0 0
2000 . 2000 150 150
CUNTZE-BOLD: compression ‘I
1500 = MSD: compression 1500 : 100 100
o o 50 : -50 _
£ 1000 1000 £ 1 = 50 50
5 £ i P
~ ~ i v
Z 500 500 Z -100 i -100 % 0 0
a a ©
¢ 0 0 4 2 50 -50
w % 150 -150 ®
-500 -500 -100 -100
CUNTZE-BOLD: tension
-1000 -00  __ | N _____ - i -150 -150
200 MSD: tension 200
1500 [ 1500 CUNTZE-BOLD: compression 200 200
MSD: compression
-2000 -2000 -250 -250 -250 -250
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0.020 -0.040 -0.035 -0.030 -0.025 -0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
strain [-] strain [-] shear strain [-]
. . . .
Woven Material: HT-Fibre 2x2 Twill and Epoxy Resin
.
1000 1000 1200 1200 250 250
200 CUNTZE-BOLD: tension 200 1000 1000 200 MSD: shear 200
----- MSD: tension
CUNTZE-BOLD: shear
600 CUNTZE-BOLD: compression 600 800 800 150 150
----- MSD: compression 600 600 & 100 100
. 400 400 . £
by by £
£ £ 400 400 = 50 50
E 200 200 £ =
= Z 200 200 Q&J 0 0
1] 0 0 1] H
1< : =4 0 0 = -50 -50
©
* 200 : 200 : 200 : 200 % 200 100
! : 1 CUNTZE-BOLD: tension : @ - :
]
-400 : -400 -400 R MSD: tension ~400 150 150
00 ' 00 ! CUNTZE-BOLD: compression
- ] - - - - -
v 600 VS mmeee MSD: compression 600 200 200
v
-800 -800 -800 -800 -250 -250
-0.020 -0.015 -0.010 -0.005 ©0.000 0.005 0.010 0015 0.020 -0.020 -0.015 -0.010 -0.005 ©0.000 0.005 0.010 0015 0.020 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
strain [-] strain [-] shear strain [-]

Conclusion: modification of residual stiffness in shear in CUNTZE-BOLD

Copyright © 2019 Boeing. All rights reserved.

material & failure model
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Multiscale Designer: Comparison Test vs. Multiscale Designer

Direction 1 Direction 2 Direction 1-2
Unidirectional Material: IM-Fibre and Epoxy Resin

3000 3000 50 50 250 250
2500 CUNTZE-BOLD: tension 2500 200 EJ'USST:;:_E;(;LD_ o 200
----- MSD: tension o o |
2000 . 2000 150 150
CUNTZE-BOLD: compression '|
1500 | @ ==——— MSD: compression 1500 : 100 100
b o 0 H -50 —_
£ 1000 1000 E H w50 50
£ £ | @
= = f e
Z 500 500 £ -100 -100 % 0 0
a @ ©
¢ 0 0 g - 2 50 -50
% % 150 I aso 7
-500 -500 -100 -100
CUNTZE-BOLD: tension
-1000 -1000  ___ | | mmmaa . g -150 -150
200 MSD: tension 200
1500 (% 1500 ——— CUNTZE-BOLD: compression 2200 -200
----- MSD:; compression
-2000 -2000 -250 - - - -250 -250 -250
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0.020 0.040 -0.035 -0.030 -0.025 -0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 -0.6 -0.4 -0.2 0.0 0.2 04 0.6
strain [-] strain [-] shear strain [-]
. . . .
.
Woven Material: HT-Fibre 2x2 Twill and Epoxy Resin
1000 1000 1200 1200 250 250
200 CUNTZE-BOLD: tension 200 1000 1000 200 MSD: shear 200
----- MSD: tension
CUNTZE-BOLD: shear
600 CUNTZE-BOLD: compression 600 800 800 150 150
----- MSD: compression 600 600 & 100 100
. 400 400 . £
fn fn £
£ £ 400 400 = 50 50
£ 200 200 £ £
= Z 200 200 Q&J 0 0
1] 0 0 1] H
1< : =4 0 0 = -50 -50
©
# 200 : 200 : 200 : 200 £ 100 100
! : 1 CUNTZE-BOLD: tension : @ - :
]
-400 : -400 -400 R MSD: tension ~400 150 150
00 ' 00 ! CUNTZE-BOLD: compression
- ] - - - - -
v 600 VS mmeee MSD: compression 600 200 200
v
-800 -800 -800 -800 -250 -250
-0.020 -0.015 -0.010 -0.005 ©0.000 0.005 0.010 0015 0.020 -0.020 -0.015 -0.010 -0.005 ©0.000 0.005 0.010 0015 0.020 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
strain [-] strain [-] shear strain [-]

Conclusion: modification of residual stiffness in shear in CUNTZE-BOLD
material & failure model

Copyright © 2019 Boeing. All rights reserved. 5/1/20 19 28
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Example [11: Layup with different materials under combined loading

Tension & Compression
Comparison CUNTZE-BOLD vs Multiscale Designer

Boeing Research & Technology

3000
numerical: CUNTZE-BOLD tension 0° UD tension failure
2500 | ----- numerical: MSD tension
numerical: CUNTZE-BOLD compression e
----- numerical: MSD compression < '
2000 PG \
Layup 277 )
”’ l
1500 e $48 o '
uD 0 1
ubD 0° :
1000 o :
—_ Fabric 45" "
= . e '.
§ 500 S ,,"’ 90° UD tension failure "\
o Fabric $45° <
L ub 0°
0 ::):brlc 142”
500 [Ty <
\ ’d'
] -
\ -7
-1000 H oo
-1500 E ’,-"' 0° UD onfail Tension -12.2%
I\,,"” compressionraliure Compression 6.1%
-2000 '
-0.0100 -0.0075 -0.0050 -0.0025 0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150
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Multiscale Designer

Step 2:

= Forward Characterization: From matrix and fiber behavior to
homogenized ply behavior with different fiber volume fraction (+5%)

Fiber Behavior Matrix Behavior Homogenized Behavior
4 e 4 oo | =i
Flast PrI(EJIpe:ties: F O I’W& rd APE{?SE?eS i

Properties /'
| |

|/ _| ey — R

Strain Strain Strain

= All stress-strain curves can be predicted

— Tension
— Compression

— Shear —

5/1/2019 30
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Multiscale Designer: Comparison of different fiber volume fraction

Direction 1

3000

Direction 2

Unidirectional Material: IM-Fibre and Epoxy Resin

2500

2000

1500

1000

500

0

stress [N/mm?]

-500

-1000

-1500

-2000

CUNTZE-BOLD: tension
MSD: tension 65%FVF
----- MSD: tension 60%FVF
= MSD: tension 55%FVF
CUNTZE-BOLD: compression

3000

2500

2000

1500

1000

500

0

-500

-1000

-1500

-0.015

1000

-0.010  -0.005 0.000 0.005 0.010 0.015

strain [-]

-2000
0.020

stress [N/mm?]

50

-50

-100

-150

-200

-250

CUNTZE-BOLD: tension
= MSD: tension
CUNTZE-BOLD: compression

----- MSD: compression

50

-50

-100

-150

-200

-250

-0.040 -0.035 -0.030 -0.025 -0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010

strain [-]

shear stress [-]

Woven Material: HT-Fibre 2x2 Twill and

800

600

400

200

stress [N/mm?]

-200

-400

-600

-800

CUNTZE-BOLD: tension
= « = MSD: tension 64%FVF
= MSD: tension 60%FVF
= MSD: tension 55%FVF
CUNTZE-BOLD: compression
— + = MSD: compression 64%FVF
----- MSD: compression 60%FVF
- MSD: compression 55%FVF

1000

800

600

400

200

0

-200

-400

-600

-0.020

Copyright © 2019 Boeing. All rights reserved.

-0.015 -0.010 -0.005 0.000

strain [-]

0.005 0.010

0.015

-800
0.020

stress [N/mm?]

1200 1200
CUNTZE-BOLD: tension
1000 =+ = MSD: tension 64%FVF . 1000
800 - MSD: tension 60%FVF 1 200
— - = MSD: tension 55%FVF
600 CUNTZE-BOLD: compression 600
— - = MSD: compression 64%FVF
400 | ====- MSD: compression 60%FVF 400
= « = MSD: compression 55%FVF
200 200
0 0
-200 i -200
-400 i -400
-600 L'-"" -600
7
-800 -800
-0.020 -0.015 -0.010 -0.005 ©0.000 0.005 0.010 0015 0.020
strain [-]

shear stress [N/mm?]

Direction 1-2

100 100
CUNTZE-BOLD: shear
80 MSD: shear 65%FVF 80
MSD: shear 60%FVF
60 MSD: shear 55%FVF 60
40 40
20 20
0 0
-20 -20
-40 -40
-60 -60
-80 -80
-100 -100
-0.05 -0.04 -0.03 -0.02 -001 0.00 001 002 003 004 005
shear strain [-]
E Resin
100 100
80 CUNTZE-BOLD: shear 80
MSD: shear 64%FVF
60 MSD: shear 60%FVF 60
. o
40 MSD: shear 55%FVF 20
20 20
0 0
-20 -20
-40 -40
-60 -60
-80 -80
-100 -100
-0.05 -0.04 -003 -0.02 -001 000 001 002 003 004 005

shear strain [-]

Summary: changes in material behaviour can be evaluated
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Application of Multiscale
Designer Results

Numerical Simulation with CUNTZE-BOLD
Material & Failure Model
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CUNTZE-BOLD material & failure model with different fiber volume fractions

Direction 1

Direction 2

Direction 1-2

Unidirectional Material: IM-Fibre and Epoxy Resin

3000 - 3000 50 50
CUNTZE-BOLD: tension 60%FVF
2500 | = + = CUNTZE-BOLD: tension 55%FVF -2 2500
=+ = CUNTZE-BOLD: tension 65%FVF o L. . 0
2000 | —. = QUNTZE-BOLD: compression 65%FVF 2000 .
. . i o - 1
1500 CUNTZE BOLD.compress!on 60%FVF /4 1500 | !
— — - = CUNTZE-BOLD: compression 55%FVF, . -50 i -50
] )4 ] . . =
£ 1000 7 1000 £ . P
£ p £ | 8
-~ ¢ ey . v
Z 500 500 Z -100 | i -100 %
ng 0 0 ng . | 5
o o ! g
= % 150 I -150 @
-500 -500 : . CUNTZE-BOLD: tension 60%FVF
| — CUNTZE-BOLD: tension 55%FVF
-1000 -1000 200 L — CUNTZE-BOLD: tension 65%FVF 200
= « = CUNTZE-BOLD: compression 65%FVF
-1500 -1500 CUNTZE-BOLD: compression 60%FVF
= « = CUNTZE-BOLD: compression 55%FVF
-2000 -2000 -250 -250
-0.015 -0010 -0.005 0000 0005 0010 0015  0.020 -0.040 -0.035 -0.030 -0.025 -0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010
strain [-] strain [-]
Woven Material: HT-Fibre 2x2 Twill and
.
1000 1000 1200 1200
— - = CUNTZE-BOLD: tension 65%FVF . — + = CUNTZE-BOLD: tension 65%FVF
800 CUNTZE-BOLD: tension 60%FVF 800 1000 CUNTZE-BOLD: tension 60%FVF 1000
— . = CUNTZE-BOLD: tension 55%FVF = - = CUNTZE-BOLD: tension 55%FVF
600 | = .= CUNTZE-BOLD: compression 65%FVF 600 800 | — . — CUNTZE-BOLD: compression 65%FVF 800
CUNTZE-BOLD: compression 60%FVF 600 CUNTZE-BOLD: compression 60%FVF 600 -
- 400 — . =~ CUNTZE-BOLD: compression 55%FVF ,/ 400 — = - = CUNTZE-BOLD: compression 55%FVF E
E £ 400 400 =
E 200 200 E Z
= Z 200 200 8
PR 0 o« 4
8 g o0 0 |4
% 00 -200 = g
-200 -200 5
-400 -400 400 400
-600 -600 -600 -600
-800 -800 -800 -800
-0.020 -0.015 -0.010 -0.005 0000 0.005 0010 0015 0.020 -0.020 -0.015 -0.010 -0.005 0000 0.005 0010 0015 0.020
strain [-] strain [-]

Copyright © 2019 Boeing. All rights reserved.

shear strain [-]

100 100
CUNTZE-BOLD: shear 65%FVF
80 CUNTZE-BOLD: shear 60%FVF 80
CUNTZE-BOLD: shear 55%FVF
60 60
40 40
20 20
0 0
-20 -20
-40 -40
-60 -60
-80 -80
-100 -100
005 -0.04 -003 -0.02 -001 000 001 002 003 004 005
shear strain [-]
E Resin
100 100
CUNTZE-BOLD: shear 65%FVF
80 CUNTZE-BOLD: shear 60%FVF 80
60 CUNTZE-BOLD: shear 55%FVF 60
40 40
20 20
0 0
-20 -20
-40 -40
-60 -60
-80 -80
-100 -100
005 -0.04 -003 002 -0.0L 000 001 002 003 004 005

Summary: changes in material behaviour can be evaluated

5/1/2019 33



Engineering, Test & Tec

hnology

Boeing Research & Technology

Example [1: single Element with single material under multi-axial loading

G, [N/mm?]

G,-0,-Diagramm
UD material
= analytical: Cuntze-Bold 65%

= analytical: Cuntze-Bold 60%
50 4+ analytical: Cuntze-Bold 55%

-250 +
G,-0,-Diagramm
WOVEN material
2
& [Nfmm?] —— analytical: Cuntze-Bold 65%
analytical: Cuntze-Bold 60%
1000 + analytical: Cuntze-Bold 55%

Copyright © 2019 Boeing. All rights reserved.

3 [N/mm?]

G,-T,,-Diagramm

UD material
analytical: Cuntze-Bold 65%
= analytical: Cuntze-Bold 60%
analytical: Cuntze-Bold 55%

T12 [N/mm?]

100 +

-250 50 G, [N/mm?]
-100 +
G,-Ty;-Diagramm
WOVEN material
2
712 [N/mm?’] ——analytical: Cuntze-Bold 65%
analytical: Cuntze-Bold 60%
100 + = analytical: Cuntze-Bold 55%
50 +
750 500 250 250 500 750 0 &, [N/mm?]
-50 +
-100 +
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Example [1: single Element with single material under multi-axial loading

G, [N/mm?]

G,-0,-Diagramm
: @ Nastran: CUNTZE-BOLD 65%
UD material © Nastran: CUNTZE-BOLD 60%
@ Nastran: CUNTZE-BOLD 55%
analytical: Cuntze-Bold 65%
analytical: Cuntze-Bold 60%
analytical: Cuntze-Bold 55%

-250 +

G,-0,-Diagramm
WOVEN material Nastran: CUNTZE-BOLD 65%

G,-T,,-Diagramm
© Nastran: CUNTZE-BOLD 65% .
O Nastran: CUNTZE-BOLD60%  UD material
@ Nastran: CUNTZE-BOLD 55%
analytical: Cuntze-Bold 65%
analytical: Cuntze-Bold 55%
analytical: Cuntze-Bold 60%

T12 [N/mm?]

100 +

-250 -240

G,-Ty;-Diagramm
WOVEN material

0 a, [N/mm?]

& Technology

@ Nastran: CUNTZE-BOLD 65%
© Nastran: CUNTZE-BOLD 60%
@ Nastran: CUNTZE-BOLD 55%
100 + analytical: Cuntze-Bold 65%
analytical: Cuntze-Bold 60%
analytical: Cuntze-Bold 55%

o
G, [N/mm?] O Nastran: CUNTZE-BOLD 60% 24, [N/mm?]
@ Nastran: CUNTZE-BOLD 55%
analytical: Cuntze-Bold 65%
analytical: Cuntze-Bold 60%

analytical: Cuntze-Bold 55%

-750 0 &, [N/mm?]

1000 &, [N/mm?]

-100
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Variation in Fiber Volume Fraction

Method 1
= Contant fiber volume Changed total dimension

i

A

r

FWF 55%
Mgt + 9 1%

FWF 65%
hass: -7.0%

Method 2
= Changed fiber volume Constant total dimensions

FWF 65% FWF 60% FWF 55%
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Example [11: Layup with different materials under combined loading
Changed total dimensions

Force [N]

Copyright © 2019 Boeing. All rights reserved.

3000

2500

2000

1500

1000

500

0

-500

-1000

-1500

-2000

Tension & Compression
Layup with changed fiber volume fraction

— - — Compression (65%)
Compression (60%)

— - = Compression (55%)

= - = Tension (65%)

Tension (60%)

— - =Tension (55%)

Layup

Fabric
uD
ubD
Fabric
uD
Fabric
uD
?abnc
uD
Fabric
ub
uD
Fabric

£45°

0

0
£45°

+45°

£45°

$45°
0

0

£45°

0° UD tension failure

90° UD tension failure

0° UD compressionfailure

Deviation +5.0% -5.0%
Thickness +9.1% -7.0%
Tension -1.4% 1.5%
Compression -1.1% 1.1%

-0.0100 -0.0075

-0.0050

-0.0025

0.0000 0.0025 0.0050

Displacement [mm]

0.0075

0.0100 0.0125

0.0150
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Example [11: Layup with different materials under combined loading
Changed total dimensions

Tension & Compression
Layup with changed fiber volume fraction

3000 I
=+ — Compression (65%) |y, 0° UD tension failure "
2500 Compression (60%)
— - = Compression (55%)  rabric s45° L=
-~ - = Tension (65%) rd 3 -
2000 Tension (60%) Fabric +45° -
— - = Tension (55%) e SO =~ .
- g
1500 ;;;JFIC :45" . ~
Favic s45 g
abnc = (j /
1000 Ww o '
p— Fabric© 245°
= .
= ~
§ 500 Z | 90° UD tension failure
A
0
P
=
'500 -:qv__....--—"“ ) ~ 1
i L
-1000 | - - Deviation 45.0% | -5.0%
! Ry Thickness 0.0% 0.0%
-1500 1\~ 0° UD onfail Tension 7.4% -8.0%
PR compressiontaliure Compression 10.4% -5.4%
2000 N '
-0.0100 -0.0075 -0.0050 -0.0025 0.0000 0.0025 0.0050 0.0075 0.0100 0.0125
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Displacement [mm]

0.0150
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Summary & Conclusion
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Summary & Conclusion
PAST FUTURE

Direction 1 Direction 2 Direction 1-2 Summary: Material curves for primary loading
up o -

automated evaluation ——

‘Wowen Material: HT-Fibre 2x2 Twill and Epoxy Resin
1 = i= - b . i i ol Tont| 1
- =l . e i - Tl TimRe

" From turned layup to = ._
direction real b I a.X I al e I O ad I n g : ply direction | _2

Unidirectional Material: IM-Fibre and Epoxy Resin

EiT From single fiber volume to
T stochastic distribution

Woven Material: HT-Fibre 2x2 Twill and Epoxy Resin

nnnnn

il :: j m From hand evaluation to

ol 1 : automated evaluation

Fabric +45°
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Summary & Conclusion

Different approaches can be combined to predict the material
behavior

= Ply based methods based on CUNTZE-BOLD
= Micro scale methods based on Multiscale Designer

Advantages for Composite Simulations in Industrial Applications
= Prediction of deviations

= Highly efficient

= Fast

Conclusion
= Still some challenges to describe the material behavior in depth
= Engineering judgement of experienced experts are necessary

= Composite material characterization with the help of multi scale
methods is possible when combining different methods
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Thank you.
Questions?

@aaflﬂa
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