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FRP Classes: Introduction and Application ﬂ(".

# High fiber volume content
# Controlled fibers alignment
# High stiffness and strength
® Restricted formability

® High cycle times

® High scrap rate

® Extensive trimming

Source: BIV

Carbon cell

CoFRP
DiCoFRP —»

CoFRP

Continuous Fiber

DiCoFRP

Discontinuous Fiber

Reinforced Polymers Reinforced Polymers

Discontinuous Fiber Reinforced Polymers
with Continuous Fiber Reinforcement

CoDiCoFRP

LT3

CoDiCoFRP component (front side)
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#® Good formability

#® Function integration potential
#® Low finishing demands

#® Low cycle times

® Low stiffness and strength

® Process related complex
microstructure

CoDiCoFRP component (back side)
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Challenges and Program Objectives ﬂ(".
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Challenges

Lack of numerical =il mnce:pts i Full optimization of
manufacturing,

and characterization aitomiation Snd the processing chain

methods quality control IS required

Lack of specifically
qualified personel

IRTG Objectives

Develop Develop robust
Research on : : - :
: : : manufacturing and integrated Train engineers and
materials, simulation 5 : : o
: quality control engineering young scientists
and design )
strategies approach

—
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GRK 2078 Twin Regions
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6 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann M &
U

14. Deutsches LS-DYNA Forum, Bamberg, 10-14.10.2016



7

SKIT

Karlsruher Institut far Technologie

Motivation: Homogenization of Elastic Properties
of Short-Fiber Reinforced Composites

Contact: Viktor Muller

14. Deutsches LS-DYNA Forum, Bamberg, 10-14.10.2016
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MCT Measurement and Fiber Segmentation

Miiller et al. (JCM, 2015), cooperation with Dillenberger, Gléckner, Kolling

Fraunhofer-I TWM

DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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IDD scheme: continuous formulation ﬂ(".
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Zheng and Du (2001), Du and Zheng (2002), Wu (1997), Miiller and TB (1JSS, 2015)

=
N N
IDD __ s - D -
CP® =Cu+ [P =) csMsPy | > caM,
B8=1 a=1

with M., = (C, — Cy) (I° + P, (C, — Cn)) ™"

Using averaged microstructure description

C'PD — Oy + (I[S = CF/ F(n)M(n)F° (n) dS) o f f(n)M(n) dS
with M(n) = (Cg — Cy) (I° + P(n) (Cg — CM))
cg, f(n): total vol. frac. of fibers, FODF

P(n) = P(Cm.Cr,m,w): Hill's pol. tensor of fiber with const. aspect ratio

PP(n) = PP (Cm,Cr,m,w®): Hill's pol. tensor of cell with const. aspect ratio

DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
14. Deutsches LS-DYNA Forum, Bamberg, 10-14.10.2016
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Preparation of specimen

Miiller et al. (JCM, 2015)

S80mm

S0mm

injection

KIT-ITM/Fraunhofer-LBF

uCT specimen
Diameter: d =2mm Height: h = 2.5 mm

Position: P(0,0)
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Geometry of specimen

. S0mm .

I -

Depth: t = 2.5mm

Glass fibers
Er = 73.0GPa, vr = 0.22

cg = 30wt.-%

Polypropylene matrix
Ew = 1.705GPa, vm = 0.355

FRP



Numerical vs experimental results ﬂ(".
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Miiller et al. (JCM, 2015)

x-y-plane

B— SC
—o— DD
IDD SC J e®e [Exp
2.7% T7.0%
IDD SC

8.6% 18.7%

IDD SC
9.3% 20.3%
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Maximum entropy principle (MEP) ﬂ(".
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Wu (1997), TB (2005), Miiller and TB (CSTE, 2015)

First moment problem Second moment problem

f(n)In(f(n))dS — max

Cn
i
|
h""'=l

'--._hl

f(n)dS —1= = 0)
f(n)(n@n) dS — (N) =0

(M(n®n@n®n)dS— (N) =0

’-...hl

C«c::4> =

Ca
R
v
|

Optimization with Lagrange multipliers G, G, G
f:S_G'CﬂJ:} —G'Cc:'z::» _G'C{—L?:
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Parameter space for irreducible parameters ﬂ(".

Miiller and TB (1JSS, 2015)

13 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
14. Deutsches LS-DYNA Forum, Bamberg, 10-14.10.2016

Karlsruher Institut far Technologie

/\

fmep2 n) fmep4
(CSC, (CIDD CSC, (CIDD

FRP



14

Deviation of Young’s modulus (IDD) ﬂ(".
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Miiller and TB (1JSS, 2015)

“Emep4 mep2 ” HEmep4 mep2 H

4 4
1By \I | Egg" ||
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Mean Field vs Full-Field Modeling

Material and microstructure parameter

SKIT

Karlsruher Institut far Technologie

Microstructure | Fiber vol. fraction | Material combination
TP1 TP1/TP2 ub n =44 n = 100 1 = 1000
TP2 13% 13% | Ef [GPal 1.665 1 1
ub 17% E 0.36 0.36 0.36
12% | Enm [GPa] 73 100 1000
oy 0.36 0.36 0.36
0.61 0.80 1.0
. e 0.36 NP = 0.18 NP = 0.0
0.03 0.02 0.0
15 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann m
14. Deutsches LS-DYNA Forum, Bamberg, 10-14.10.2016 CoDiCo E
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Influence of Phase Contast and Microstructure

Miiller et al. (2015)

MF-IDD vs FFT-BS for ¢ = 13%

Phase contrast £

r . . 0.500
441 0.015 0.013 0.03 : 0.417
0.333
100+ 0.028 0.037 0.073 . 0.250
40167
1000 ¢ 10.083
TP1 P2 UD R

DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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MF-SC vs FFT-BS for ¢ = 1

207
D S0

. : : 0.700

ub 0118 0.104 0o 4 Moss3
0.467

wof 0232 0.206 0082 4{ Mo3s0
J0.033

0162 1 | Joir

TP1 TP2 UD —0.000
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Microscale Characterization

Contact: Pascal Pinter, pascal.pinter@kit.edu, KIT IAM-WK

DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Microscale Characterization ﬂ(".
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® Development and application of destructive and non-destructive testing
methods:

® Determination of 4t order orientation tensors directly from yCT-scans via in-house
software “Composight”

Fiber length distributions from uyCT-scans
Mechanical properties of fibers

Interfacial shear strength

In-Situ tensile tests for validation of models

Orientation analysis (SMC) Push-Out-Test

[Contact: Pascal Pinter, pascal.pinter@kit.edu, KIT IAM-WK]

18 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Microscale Characterization ﬂ(".
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® Developed methods during IRTG:

® Fiber orientation distributions:
Calculation of 4th order orientation
tensors from uCT-Images

® Fiber length distribution (FLD):
Possible specimen size of D=4 mm
with 81% correctly traced fibers

LFT20 @ 4 mm specimen - independent fibers are
illustrated in different colors

ar T T T T T T

Mass Percentage [ %]

Image detail of same specimen 1.8x1.8x0.5 mm?

..lLu JI 1 moi | .
0 1000 2000 3000 4000 5000 6000 7000  BOOO
. . . Length [um)
[Contact: Pascal Pinter, pascal.pinter@kit.edu, KIT IAM-WK] Fiber Length Distribution
19 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann A.
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Microscale Simulation
and
Homogenization

Contact: Loredana Kehrer, loredana.Kehrer@kit.edu, KIT ITM

DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Characterization of mechanical properties by AUT
D M A Karlsruher Institut fir Technologie

® Dynamic mechanical analysis (DMA) with GABO Eplexor 500 N

® Analysis of thermal and viscoelastic material properties

® Measured quantites E* = E’ + iE"” E'*: dynamic modulus,
F." . storage modulus,

ey FE": loss modulus
W Specifications:

Static force 1500 N

Dynamic + 500 N

force

Temperature _150°C to 500°C

range

Frequency | 4 01 Hz to 100 Hz

range

Quelle: GABO
21 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Experimental results for tension mode under ﬂ(“'
thermal load by DMA

a GF DiCoFRTS

Resin system VE resin
Fiber type Glass
Fiber length 25 mm o 8.3 mm
Fiber content 41 wt.-%, P o il i
23 vol.-%

m Plate specifications:
800 mm x 250 mm x 2mm

m Filling of plate with resin at 33%, 50% and 100%
@ Cuttlng plan '

'E ——
— IEE——
|\ \ N
e——— 4 ~ | .
9 3 Mould charged with approx.
) ' ' 60% of semi-finished product
22 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Experimental results for tension mode under ﬂ(“'
thermal load by DMA

® Comparison of storage modulus for different temperature and frequency loads
on VE-GF and pure VE

2]
% 14 0.3

12 ;
= 0.25 +
T | g
= 0 02 F+
7] e :
= :
= S 0.15 e e
3 =
£ 0.1 |
Y .
® 0.05 B
Q = e :
n 0 s i, s i i | |

-60 -30 0 30 60 90 120 150 180 60 -30 0 30 60 90 120 150 180
Temperature in °C Temperature in °C
------------ VE-GF (°, f = (.5 Hz v VE-GF 90°, f = 0.5 Ha e VE (pure), f = 0.5 Hz
---------- VE-GF 0, f = 5.0Hz camreeeeee VE-GF 907, f = 5.0z mememmens VE (pure), f = 5.01z
VE-GF 0°, f = 50.0 Hz VE-GF 90°, f = 50.0 Hz VE (pure), f = 50.0 Hz
® Test parameters: Static load g, = 0.1% Contact force F, =5 N
Dynamic load €g4,, = 0.05% Load cell capacity 500 N

23 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Hashin-Shtrikman related two-step method
Walpole (9169), Willis (1977), Willis(1981), Miller (2015)

® Based on generalized formulation with eigenstrains
® First step

1

TUDF =I5, + ene(Ct =) (uﬁ* + caPYP(Cpt — Ca ))
3 =1
Ca’™ = Cm+ ca(Ca — (LM)(H + cmPo P (Ca — Cm))

® Second step

]

THSE _ 3 ;1C1}I]_)——A£Lllwl“-: Z Lycj_}[]—_)‘l‘l'}:ﬂ (ML) 1

CF
=1 =1

B | =
Ma = (Hb +Po(CeP™ — En]) and (M) =" | LaM,

v= lf_,l

® Two-step method for formulation with variable reference stiffness Cg

Co=(1—a)Cn+ aCp a € [0,1]

24 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Mean field and full field simulation AT

Karlsruher Institut far Technologie

® Virtual microstructure generated with GeoDict®

® Unidirectional long fibers ® Randomly non-uniform distributed
long fibers

|Male al I Tgnration

Mazzarial Info-mation
= O D Co: WE
|E 2 Ul Glans

LBl
D £1: Slase

200 ym

2(_)0 Mm 0,(,/))

i HF | |

[= 1500 ym [ = 1000 um

dEp=10um =10 pym
X | Young's modulus Fy, ¢ 4.0 MPa
. § Poisson's ratic: 3,1 0.35
. Materlal parameters: Young'‘s modulus Fr 73.0 MPa

_g Poisson's ratic V' 0.22
- Fiber volume fraction ¢:f 0.23

25 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Comparison between full field and mean field

homogenization

® Young's modulus for UD fibers in matrix material
E(8.0)

E(m{2,¢)
D RGP

Lo 1 ﬁx-i

.......... L
— Goolict

s B [GPa)

—— H5L
— GeoDict

SKIT
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E(6,m/2)

— Goolbct

— HB5L

® Young's modulus for randomly non-uniform distributed fibers in matrix material

E(n /2, ) E(8,0)

= = HSL,a=0.0
HSL, a=0.5
HSL, a =077

|- - HSL.a=10

— Gealict

26 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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HSL, a=0.0
H5L, a=10.5
H5L, a=0.77
HSL, a=1.0
Geolhel

HSL, a=0.0
HSL, a=0.5
HSL, a=0.77
HSL, a=1.0
Geolict
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Macroscale Simulation
and
Characterization

Contact:
Malte Schemmann, malte.schemmann@kit.edu, KIT ITM

27 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Biaxial Tensile Machine (ITM) ﬂ(".
Video XTens

Specimen lighting
\

e
| \
Eana
: N :

ARAMIS

B Actors: four independent axes (maximum load: 150kN)

B Sensors:

®  Force measurement (on all four axes)
® Integrated strain (Video XTens)
®  Full strain field via digital image correlation (GOM ARAMIS 4M)

® Active midpoint control

28 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Viscoelastic Biaxial Tensile Tests: IQQ(IT
Prescribed Strain / Force Paths

103

\
%
/

el M QR e i WMM

2 —

W"‘ﬁw&www‘wwmwwm
16 — / \
12— \W
os / \
0.4 —/
0 | "W i
04 = M%MWWWWWWWMWWM

-0.8 —

1.2 —

-1.6 — ‘
0 100

Strain [-]

\ \
200 300

\ \
400 500

Time [s]
Biaxial Tension

\ \
600 700 800

Tension 1 Tension 2 Tension/Compression

5000

4000 —

3000 —

2000 —

1000 —,

Reaction Forces [N]

-1000 —

0 100 200 300 400 500 600 700 800
Time [s]
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Optimization
Loop

s

axial tensile test

s

Boundary
conditions

I Iy

[ Mapping

1
[FEM - simulation\

SKIT
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p: material parameter vector

el strain field measured by DIC

g": strain field obtained by
FEM-simulation

Material parameter update
Pn+1 = Pn + Ap

!

[ Convergence?

30 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Inverse Parameter ldentification ﬂ(".

® Problem: Find parameter P that minimizes the error Function f(p)

exp
K N |511,z,3(p) €11, 1

exX
r(p) = ZZ 25t (p) - 52211

Louis (1989)
Mahnken et al. (1996)
im Cooreman et al. (2007
|ﬂ)/§2,’t,j (p) 712,7,,j| | )
B Gauss-Newton procedure
T .
f(p) = lle@Ilz = z(p) "z(p) — min
T —1 T 0ei(p)
pF=pt = 10N 6N 6N ) ) = =5
J

31 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Validation Tension-Compression Loading ﬂ(".
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Experimental Fitted Homogenized Fluctuation
iU3 iw" ﬂlsﬁ
(a) & ” slm le (IR]H] lfiﬂ | e:ip 1I|::11DD
><1{J * B * x107% x1074
—_— 1,'1; "ZI.F‘
; 10
N
™ 6
W ;
' .-aL.-. e ——— e
B E1 (®) 557 (h) |58 — 357

® The experimentally measured, fitted and homogenized strain field show a comparably
good agreement

® SMC shows heterogeneities, possibly induced by varying fiber orientation or volume fraction

[Contact: Malte Schemmann, malte.schemmann@kit.edu, Loredana Kehrer, loredana.kehrer@kit.edu, KIT ITM]

32 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann &
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Form Filling: Micromechanical Modeling

Contact: Robert Bertoti, robert.bertoti@kit.edu, KIT ITM

DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
14. Deutsches LS-DYNA Forum, Bamberg, 10-14.10.2016
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Form Filling Simulations — Motivation ﬂ(".

Karlsruher Institut far Technologie

® Prediction of the fiber orientation of compression molded DiCoFRP (Buck2014)

i 4

34 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Evolution equations of Single Fiber and FOTs ﬂ(".

® Change of single rigid-fiber orientation (Jeffery1922)
Na = Wne] +&£(Dng] — (na @ ng @ ny)[D])

where: L =grad(t)=D+W D=

W = —
2

i =Y a-T1d

® Jeffery's equation for FOTs (including closure problem)

where: NO"d = N @

NIBOF

(Chung2002)

N=WN - NW + & DN + ND - 2N*[D))
N  (Doi1981)

sym(1l & 1)4

5 sym(1 @ N)+

Bz sym(IN @ N)+

By sym(1 @ NN)+
Bs sym(IN @ NN )+
36 sym(ININ @ NN)

35 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann
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Homogenization of the viscosity ﬂ(".

Karlsruher Institut far Technologie

micro scale \| — A I e I I e N | ud-subdomains
¥ ¥ ¥ v v 1. step
. | [ . - s g

macro scale V = (V?d 4 ng 4 V};d + V) 2 step

® 1. step: calculating the unidirectional effective ud — ym o p-1
viscosity(s) (Hasin-Strikman lower bound) “ Cm
(Walpole1969, Castaneda1998)

B 2. step: calculating the overall effective linear 1 N _
viscosity (orientation averaging, Voigt average, V= N Z YV,
upper bound) (Advani1987) a=1

W [t is sufficient to calculate the unidirectional
effective viscosity only once, and calculate the TV — f(@ud N, N)

overall effective viscosity with the help of FOTs

36 DFG GRK 2078 — Bohlke, Henning, Karger, Seelig, Weidenmann M &
U
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Homogenization of the viscosity ﬂ(".

Karlsruher Institut far Technologie

3
.iso =03 ud
1 — Vo — Vi, Vaalng
I Valny — Vaely, — Vaalng
= at
_“ | Vaaltis Vialte — Vgl
E L — I-';l.di\.-lﬂl — i"’l-\.l"'.'.; - il;"iE-"l'T:.
'a_ ] — Vsl Vialn, — Valis
E | 1 — Vealts — Wizl
. o Viglny — Vizin
t Vaplie — :'-f?:-."".'.;
e = ™"l
ot — I
0L o 0.1 0.2 02z o -IT:II_-_' 3 1H . _,.-V"“I_'::'.':-:: emy ., -
/ £ \.\‘1
et .. L
;w?::___':;_,-,“ TN 1}_
. : : : : S L T
® Sensitivity of the effective tensorial viscosity 4 7 Lo
% R TR o WiET g
v &i‘;"*-.::__ ‘i,‘ s i f
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Test Cases — Stress tensor

Simple shear flow
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Isochoric compression flow
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Isochoric elongation flow
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Plain strain flow
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Conclusions and Outlook ﬂ(".
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® An interdisciplinary and integrated engineering approach is
necessary for the application of CoDiCoFRP

® A virtual process chain is required for taking the highly process-
dependent material properties into account

® Adaption and validation of a complex virtual process chain is only
feasible with a standardization data formats

Future work will extend the material range the thermoplastics

A reference structure will be established by GRK 2078 in 2017 :
® Incorporation of all technology projects within the process chain

® Geometry is obtained by fully coupled design optimization, thereby
considering modfilling and structural analysis including damage
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