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Romanenko V, Duhovic M, et al. Advanced process simulation of compression molded carbon fiber sheet molding compound (C-SMC) parts in automotive series applications. Compos Part A
Appl Sci Manuf 2022;157:106924. https://doi.org/10.1016/j.compositesa.2022.106924.
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o Material & Process : : .

Goal: Prediction of fiber orientation
==> Flow/filling behavior

=) Manufacturing defects/failure behavior
= WWarpage
=) Structural behavior

Solutions:

—=)> Continuum mechanics material models
- =) Direct fiber simulation

Similarities:

——> Initial fiber orientation influences
process simulation result!

Hayashi S, Chen H, Hu W. Development of New Simulation Technology for Compression Molding of Long Fiber Reinforced Plastics using LS-DYNA®. 15th International LS-DYNA® Users
Conference https://www.dynalook.com/conferences/15th-international-Is-dyna-conference/composites/development-of-new-simulation-technology-for-compression-molding-of-long-fiber-
reinforced-plastics-using-ls-dyna-r
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Carbon fibers polarize S
ambient light! Complex example: random chopped fibers 315 [ |
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Polarization
Camera

Process parameters: . Measurement area
Resin

system

Cutting unit

Production speed: 1.8 m/min

Carrier film

Cutting speed: 35 rpm
Production width: 390 mm

Fiber content: 45 wt.-% fibers

Semi-finished
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Characterization
Intended use:
M Not used
Short-Shot-Tests
Cutting plan validation
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Characterization oeis

>

Front view Load Eront view Load
Mold closing velocity Mold closing velocity
4y 38 4 3 4y 3 3 3 4y 3 3 3 4y 3§ 3 3
h h
Top view Radius of charge > COnSta Nt MaSS Top view

344mm —m8>
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100mm
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Characterization Process Simulation Conclusions
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Typical C-SMC material shows a compaction phase follows by a flow phase during Compression molding
40

M s e Non- commercial rQF’-SMC o 1 5 mm/s &,
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Characterization
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Polarization image data

Optical measurement of
surface fiber orientation

> Greyscale shows fiber orientation angle in
range from -90° to 90° to picture horizontal

' Ring light
Camera
Specimen

) commmne, /
Ve

> Colored for better visibility
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Optical measurement of
surface fiber orientation

Ring light

Specimen
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Polarization image data

Place grid over specimen for reducing
data and comparison with simulation

Angle [°]

Grid resolution corresponds to
element size in later simulation
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Optical measurement of
surface fiber orientation

Polarization image data Analysis

N Place grid over specimen for reducing > FO is visualized as histogram with Gaussian fit

data and comparison with simulation ) python

o 13x13 pixel, 45b, SMCarbon 24 CF50-3K, Short Shot 8 mm, Velocity 0.5 mm/s
Angle [] 0.008

[== Fo-Angle: Bin-Width = 3°|

0.007 =

s

© o o
o o o
o o o
w N (&)
1 1 1
1
]
]

Ring light

i T

' Camera

Normed amount

Specimen
0.002 A

0.001 +

) commmne, /
Ve

0.000
-90 -45 0 45 )

Fiber orientation angle ¢ [°]

> Grid resolution corresponds to
element size in later simulation
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Optical measurement of

surface fiber orientation

“

7 Ring light

Camera
Specimen
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Polarization image data Analysis
Calculation of fiber orientation tensor for = pgthon
each grid cell
> FOT information for each grid cell,
for example
0.685 0.465 0.000
0.315 0.000

0.000

> Average FOT for specimen

0.456 | -0.043 0.000
0.544 0.000
0.000

> An in-plane fiber orientation is assumed
-> All z-components of FOT are zero
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Characterization

Histograms and average FOT information of short shot specimens for press closing velocity of 3.0 mm/s
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Histograms and average FOT information of short shot specimens for press closing velocity of 3.0 mm/s

13x13 pixel, AMC 85593, Velocity 3.0 mm/s, Top
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Characterization
Histograms and average FOT information of short shot specimens for press closing velocity of 3.0 mm/s
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% Material model structure

Process Simulation Conclusions

Development of a material model that takes into account the basic effects, uses mathematical formulations that
are as simple as possible and is built upon a modular principle, whereby each block represents specific aspect of
material behavior.

r A )
Mechanical —
. | FiberJ
¥ Compaction Orientation
\ Initial FO | |
Oy Velocity Gradient
L 4 / Initial
Anisot
o| Plasticity B
\_ _J \__Stress, Strain___/ )
[ I
Y Il
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. . . Axx Axy sz “v* ‘/
Local fiber orientation tensor A(t) - Ayx Ayy Ayz ~—a Anisotropy e |
Ay Ay A, Local anisotropy
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Arbitrary-Lagrangian-Eulerian (ALE) — Suitable for the representation of bodies that combine the properties of
fluids and solids. Top Tool

Steel Plate
*MAT 020_RIGID

o . speciman
Calculation in two steps: *MAT_009_NULL *m 041 050 DEER DEFTMED MATERTAT, SSo0RTS
1. Lagrangian step:

Calculation of deformation in a A

Lag ranglan formulatlon *CONSTRAINED LnGRANGE IN_SOLID

2. Advection step:

Remapping of element state F

variables back onto the reference —

mesh.

Main difference to Eulerian method:

www.thefutureiscomposite.com

ALE allows a movement and Bottom Tool
. Symbolized by
deformation of reference mesh. *ALE_ESSENTIAL BOUNDARY
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Folgar-Tucker-Equation

Based on the equation by Jeffery (1922):

D ~ ~ = | Orientation vector
— T T P
—p=M"-p—(p"-M-p)p
Dt
Orientation of an ellipsoid particle in an infinite Newtonian fluid
DA ,
T (W-A—A-W)+ED-A+A-D—2A:D) +2C;y(I — 34)
Folgar-Tucker-Equation (1984) Developed for injection molding
A | = | Fiberorientation Tensor 2. Order A = (pp)
Fiberorientation Tensor 4. Order ¢ = | Geometry Factor 2. Order

W | = | Vorticity Tensor 2. Order

www.thefutureiscomposite.com
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Folgar-Tucker-Model + Maier-Saupe term

DA T .1
D_t =MA+M A—ZA\:M—6CiY A—§I

M=y + 1(Vu—VuT) + YUpA

2
raz—l
A=
raz+1
B 1
V= |5vy

Process Simulation Conclusions

=
~ Fraunhofer

ITWM
A | = |Fiber orientation tensor 2. order A = (pp)
M | = |Maier-Saupe term
Uy [= |Maier-Saupe potential
r. |= |Fiber Geometry factor

Latz, A.; Strautins, U.; Niedziela, D.: Comparative numerical
study of two concentrated fiber suspension models. J. Non-
Newtonian Fluid Mech. 165, pp. 764-781 (2010).
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% Model input parameters

Process Simulation

Material card for user-defined material model implemented in LS-DYNA.

MNewlD MatDE RefBy Pick Add Accept

[JUse *Parameter [ Comment

*MAT_USER_DEFINED_MATERIAL_MODELS_(TITLE) (041_030) (1)

TITLE

Delete

| Umat Flastic-plastic Fiber Orientation
!

Default

(Subsys: 7 Materialmodel_Polynt_12K_vf.k)

Done 3 Umat Elastic-plastic Fiber

Setting

/

b

Reneaterd Nata b Button and |ict

Total Card: 1 Smallest ID: 3 Largest ID: 3 Total deleted card: 0

1 MID RO MT LMC HHY IORTHO  IBULK c
|3 ||24uu.uuuu || 41 || 2 || 42 |o v|4 ||3 |
2 IMECT IFAIL ITHERM IHYPER IEDS LMCA UNUSED UNUSED

: o o Jo oz <o o o v ]
Y Repeated Data by Button and List
g ip P2 F3 P4 Pa P& Bz P8
(%]
0o 3.000000€5 || 0 || 100000000 || 6.66700087 || 0.0 [os || os IE |
g' 3, 8 0 1000DDDDO 6.667000E7 0.00.5 0.5 Data Pt. 1
S 2 0 0 00035001  10.005250400.0
b 31000000 9 101115315 1 7 & 0 Replace Insert
=4 4 11 0 0 0 O 0 0 O
[} Delete Help
S
>
-
5
y—
Q
e
+
S
S
2

Conclusions

RO: Combined density of
matrix and fibers

MT: User Material ID
LMC: No. of material
constants to be defined
NHV: No. of history
variables constants to be
output

P1-P8: The first 8 (of 26) user
defined material parameters
Cm(1)-Cm(26): Tensile
modulus, Poisson's ratio, shear
modulus, compression modulus,
A Ay Azzs Ay Ayz Ay, fiber
length, fiber diameter,
Maier-Saupe Potential, fiber

interaction coefficient...etc.
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% Material model validation
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Validation and evaluation of the accuracy of the material model

carried out via post-simulation of the characterization tests.

Material model calibration

Process Simulation

<«
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Question: How well does the Folgar-Tucker model describe the fiber orientation behavior of C-SMCs?

9
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Main differences between polarization camera image and simulation result:

Short Shot with tool gap of 8 mm:

Polarization camera image

y 0.10 Il
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Question: How well does the Folgar-Tucker model describe the fiber orientation behavior of C-SMCs?

|s the tendency correct?

-> Short Shot with tool gap of 3 mm:
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Conclusions

Several innovative methods have been developed for the material and process
characterization of C-SMC materials focusing on fiber orientation and flow behavior.

 Fiber orientation: Semi-finished product (Polarization imaging)
* Flow/filling characterization (Press rheometry constant area and constant mass)
 Fiber orientation: Pressed specimens (Polarization imaging)

A non-linear elastic piecewise plastic material model with fiber orientation back-
coupling based on the Folgar-Tucker-Model + Maier-Saupe term has been

implemented in LS-DYNA as a user-defined material model.
* |nitial qualitative validations show great results!
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% Thank you for your attention!

© Leibniz-Institut fir Verbundwerkstoffe GmbH

Contact: Dr. Miro Duhovic

Email: miro.duhovic@ivw.uni-kl.de
Website: www.ivw.uni-kl.de
Phone: +49 (0)631 2017 - 363

© IVW GmbH

This document is confidential.

The information contained is the property
of the Institute. This document may only
be reproduced or disclosed to other
parties with the consent of VW GmbH.
Transmission or disclosure does not
constitute any intellectual property rights.
The information contained does not
constitute an offer.

Composite Aneurysm Clip

Photo: Thorsten Becker & Sylvain Fotouk Fotso




	Development of Characterization and Simulation Methods for Carbon Fiber Sheet Molding Compounds
	Contents
	Process Chain for Sheet Molding Compounds
	Process Simulation of Compression Molding
	Fiber orientation: Semi-finished product 
	In-Situ Measurement of Fiber Orientation
	In-Situ Measurement of Fiber Orientation
	In-Situ Measurement of Fiber Orientation
	Flow/filling characterization
	Flow/filling characterization: Constant area
	Flow/filling characterization: Constant area
	Flow/filling characterization: Constant mass
	Fiber orientation: Pressed specimens 
	Fiber orientation: Pressed specimens 
	Fiber orientation: Pressed specimens 
	Fiber orientation: Pressed specimens 
	Fiber orientation: Pressed specimens 
	Fiber orientation: Pressed specimens 
	Fiber orientation: Pressed specimens 
	Material model structure
	Simulation method
	Fiber orientation model
	Fiber orientation model (implemented in LS-DYNA®)
	Model input parameters
	Material model validation
	Does the Folgar-Tucker FO model work for C-SMCs?
	Does the Folgar-Tucker FO model work for C-SMCs?
	Application Demo: Automotive rear spoiler 
	Conclusions
	Acknowledgements
	Foliennummer 31

