MICROMECHANICAL FINITE ELEMENT MODELING OF
LONG FIBER REINFORCED THERMOPLASTICS (LFT)
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LFT-D material
Processing route*

.ot M Fiber length up to approx. 50 mm
m Polymer grantles (corresponding AR of approx. 3000)
e \/

Compounding extruder

Fiber rovings
Mixing extruder —~ g

L,

i ing uni

| Cuttingunit  LFT-D strand
T > \
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p = -

A A (Frpstand A

*) Fraunhofer Institute for Chemical Technology (ICT), www.ict.fraunhofer.de
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LFT-D material
Specimen plate

B Dimensions;

Strand inlay position 400 x 400 X 3 mm3
350

B Three material variants with

Fiber length different fractions of glass fibers

analysis
(100 60 PPGF10 (3.8 vol-%)
PPGF20 (8.2 vol-%)

PPGF30 (13.2 vol-%)

Tensile specimen 0°
Tensile specimen 0

Tensile specimen 0°
Tensile specimen 0°

Flow direction
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Tensile specimen 90°

Tensile specimen 90°

B Neat matrix specimen plates
Tensile specimen 90° (polypropylene) produced by
injection compression molding
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Microstructure generation*
FiberGenerator

x1ll=temp_ coord x_start(m)+(l.5*element_length)
x12=temp coord x_end(m)+(1l.5%element_ length)
vll=temp coord y_ start (m)+(1.5*element égth)

vi2=temp coord y end(m)+(1. s*elemx n)

al=yl2-yll 0

a2=y22-y21 ‘

bl=x11-x12 0

b2=x21-x22 Q *
cl=x12*yl11-x11*y e

Cc2=x22*y21-x21%

if ((aly 1+4cl) * (al*x22+bl*y22+cl) .LE. 0.0) then

inte,
en

if ((22*x11+b2*yll+c2)~(a2*x12+b2*yl2+c2) .LE. 0.0) then
intersection=1
endif

*) Fliegener S, Luke M, Gumbsch P: 3D microstructure modeling of long fiber

reinforced thermoplastics, Comp. Sci. Tech. 104 (2014) 136-145 % Fraunhofer
WM
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Microstructure generation
Fiber compression procedure - video phase A

B Compression phase A

M Plate displacement:
0t0 0.9 U4

B Boundary conditions:
u;,u,=0
u; = free

B BC regions:
all nodes of each fiber

B Max.v;=5-7.5%
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Microstructure generation
Fiber compression procedure - video phase B

Compression phase B

Plate displacement:
0.9 Upax 10 Upax

BC regions: only nodes of
first and last fiber element

Contact accounting for
friction

500 pm

Max. v; up to = 25 %
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Microstructure generation
Mesh detalls

® Different variants of representative volume elements (RVES)

(= ey, / 7 W / i / =

PPGF10, fib. vol. frac. 3.82 %

W\\

\ sl
SNy ‘-gm’!&.m §»‘v'"-?

V/// / V/\M M\M\W\/ TR O P O 0 s e i
< PPGF20, fib. vol frac. 8.03 %
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"z “"VA“WW"("'
7 «A\@ Lt ,Vf

A A AN v e A ANAN
| PPGF3O flb voI frac 13 15%

® PPGF10 (3.82 vol-%)

RVE dim. 50 x 2.75 x 0.125 mm3
7.4 mio elements

total fiber length 3056 mm

mean weighted fib. len. 10.1 mm

PPGF20 (8.03 vol-%)

RVE dim. 50 x 2.75 x 0.099 mm?3
8.7 mio elements

total fiber length 5048 mm

mean weighted fib. len. 9.4 mm

PPGF30 (13.15 vol-%)

RVE dim. 50 x 1.5 x 0.134 mm3
9.7 mio elements

total fiber length 6067 mm
mean weighted fib. len. 8.1 mm
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Microstructure generation

Fiber structure

, fib. vol. frac. 3.82 %

PGF10

%

.03

8

. vol. frac.

f

PPGF20

.13.15%

PPGF30, fib. vol. frac

1 mm
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Microstructure generation
FE mesh vs. CT scan

PPGF20, PPGF30,
vol. frac. 8 % vol. frac. 13 %

N\
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Fiberlength fraction

Microstructure generation
Fiber orientation distribution: RVE mesh vs. CT scan

M Image analysis procedure applied on RVE mesh
® 50 equidistant cuts over the RVE thickness

M In general, good agreement between CT analysis and RVE models

005 T T T 005 I I I
PPGF30 (13.2 vol-%) PPGF20 (8.2 vol-%)
0.04 0.04
c
2
A
0.03 A £ 003 :
2 I = g
. . c . .
/ \,\, —CT k= / ! —CT
0.02 ..' — E 0.02 :. .. |
/:- ..--RVE 3 / % ..-RVE
0.01 » 0.01 > e
________ / . \_ﬁ"/ \r\mvﬁ/
0 0
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
Planar fiber angle [°] Planar fiber angle [°]
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Microstructure generation
Fiber length distribution

M Analysis of an incinerated specimen (100 x 60 x 3 mm?) *
B Implementation: Bin size of 0.2 mm (0 <l <2 mm) and 2 mm (2 <1< 48 mm)

1.0 " SIS P p—
‘___.-.:=§==1-----—-----—— '_'J—?-
’I S - ’_’f—‘-‘-—.‘-",—r‘
s | o
B 0g 1 4s __,fj;-f‘ B Number average
= lll --F"‘.'-:::"J
£ | T r 2l
2 - =" ~1.2mm
g W
§ 0a / B Length / volume average
o) I’
> [ 12
b= :,/ —first analysis: fiber length fraction l_ _ Zz nzlz’ ~ 15 mm
g 02 ¢ - — -first analysis: fiber number fraction I Z nzll
8 ' —— second analysis: fiber length fraction ¢
- = -second analysis: fiber number fraction
I A I [ |
Fiber length [mm]
*) FASEP®. xyz high precision. http://www.fasep.de —
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Application 1: Elasticity

B Elasticity

m elastic matrix, elastic fibers, perfect interface

—_—
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Micromechanical simulations and experimental validation
Elasticity - results

3500 PPGF10 (3.8 vol-%) 5000 'PPGF20 (8.1 vol-%)| 8000 'PPGF30 (13.2 vol-%)|

4435 6649
3052 4500 4431 6841
2968 4005 7000 6508

3000 |

4000
6000

2500 |
2054 3500
- 1999 2000 3000 2841 9000
o 24322568
= 2500 4000 a0
1500 = = o = - 30743148
= g _E 2000 £ E _ 3000 [ N -
1000 = S JENEN S 1500 = S = g oo B S S
5 = = 1000 5 =ha g 2 e - e -
500 - % (o= x = % g % g 1000 >Q<- = % =
() Cl O @ 500 B < B © ) ol O @
0 n i ny o B ui [y uf , ul uf

B Constituent properties: E; = 72000 MPa, v; = 0.22, E, = 1250 MPa, v, = 0.35
B Analytical homogenization: Orientation averaging acc. to Advani * / length averaging

B Experimental values: Tensile tests (three loading-unloading cycles in the elastic range)

\

*) Advani SG, Tucker CL: The use of tensors to describe and predict fiber ~ Fraunhofer
orientation in short fiber composites, Journal of Rheology 31 (1987) 751-784 WM



Application 2: Viscoelasticity (creep)

M Viscoelasticity (creep)

m Vviscoelastic matrix, elastic fibers, perfect interface
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Uniaxial strain

Micromechanical simulations and experimental validation

Viscoelasticity (creep) - matrix model
. | | [

L
€ = 0y {L i L + Ll (1 — ef_:t)]/ .+« -Experiment 2.5 MPa _\/\/\/_D_ m
Ey m Ei > Experiment 5 MPa EO no _\/\/\/E

~ <& Experiment 7.5 MPa
A Experiment 10 MPa

----Experiment 12.5 MPa

—Burgers-Fit

0.07

0.06 |

0.05

0.04

0.03

0.02

0.01 £ , ' ~)
SN VN M oam ;|-| s region /
crystalline regions
0 prcn = S
0.00E+00 2.00E+05 4 00E+05 6.00E+05 8. 00E+05 1.00E+06 1.20E+06 N The free daShth rl(] CDTTESpDndS

to the continous sliding of the

Time [s] amorphous regions

B The Burgers model represents the experimental data very accurately with only four parameters
B The viscous behavior (constant creep rate of second period, irreversible recovery strain) is captured

B The model must be modified to account for the nonlinear viscoelastic range
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Micromechanical simulations and experimental validation
Viscoelasticity (creep) - results PPGF10

L ===/ === ==, L 7 7 L L L
///7 / / 7 ///7' PPGF10, fib. vol. frac. 3.82 %

0.010

I [ S [ [
PPGF10 - load dir. 0° PPGF10 - load dir. 90°
0.008 0.008
........................................... i =s——
A= : f= -+ Simulation
S 0.006 |15 MPa | S 0.006
"J; .'J; .............
e T VOO OO SOPUROPROPRORP PP RTes I T e
: e - —
‘£ 2.004: = 0.004
c
> / Rladlicd —Experiment 5 ( [5 MPa
" SimUIation .......................................................
0.002 000 | s :
i e & SO i T I Ty e T e e Y O o T r((' @@l
(3.3 MPa
0.000 0.000
0.00E+00 2 00E+05 4.00E+05 6.00E+05  0.00E+00 2 00E+05 4.00E+05 6.00E+05
Time [s] Time [s]
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Micromechanical simulations and experimental validation
Viscoelasticity (creep) - results PPGF20

NALINET : R A KA
: PPGF20, fib. vol. frac. 8.03 % z{
= i 7

0.012 . . , ,
PPGF20 - load dir. 0°| PPGF20 - load dir. 90°
T 0 A — oot
(30 MPa
c 0.008 = 0.008
: s
- T e =
T_U 0.006 pessasas e E oo0g +—3-— o eeaaassanen
5 f(rf [20 MPa —Experiment a
c _ _ c
D 0.004 ~ Simulation D0004 T _—
e :
0.002 |10 MPa 0.002 —Experiment
-« Simulation
0.000 0.000 I
0.00E+00 2. 00E+05 4 00E+05 6.00E+05 0.00E+00 2.00E+05 4 .00E+05 6.00E+05
Time [s] Time [s]
—
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Micromechanical simulations and experimental validation

Viscoelasticity (creep) - results PPGF30

© 0.010

oyl

e

e AT S e VR Oy 4 g S AR

| PPGF30, fib. vol. frac. 13.15% |

=F—=

LA A

A

o o A

0.010 I ] | \
PPGF30 - load dir. 0° PPGF30 - load dir. 90°
0.008 -..::::_:__—-:T::::--:_"—” .......... 8008
—Experiment —EXxperiment
// 40WPa) cperim -
£ -+ Simulation k= -+ Simulation
® 0.006 © 0.006
@ L . TO—
S e B e
3 S P —
= 0.004 (25 MP3! = 0.004 :
5 Igs MPa 5 \Lw ...................
| —— [
0.002 [15 MPa 0.002 | 5 MPa
0.000 0.000
0.00E+00 2.00E+05 4.00E+05 6.00E+05 0.00E+00 2.00E+05 4.00E+05 6.00E+05
Time [s] Time [s]
7

~ Fraunhofer
IWM



Application 3: Plasticity and damage

® Plasticity and damage

= plastic matrix, brittle fibers, interface damage

=
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Micromechanical simulations and experimental validation

Plasticity & damage - matrix model

B Classical von Mises plasticity model

® Calibration with quasi static tensile tests on matrix substance specimen (containing the
same additives and stabilizers as used for the LFT compounding procedure)

B No damage considered due to variation of the element size and shape

25

@

o 20

=,

n -

0 ’

L5 /

0 /

(=)

c

5 10

Q

c 3

=) 3

T 5 3 —— Experiment

- e Matrix model

0
0.00 0.02 0.04 0.06 0.08

Engineering strain

3 ! I3

Equivalent (yield) stress
— 2 ~P P

3
Equivalent plastic strain rate

t
€p :/ Ep dt
0

Equivalent plastic strain

Isotropic, multilinear hardening:
Value pairs of [oy|ep)

!
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Micromechanical simulations and experimental validation
Plasticity & damage - fiber pushout experiments*

B Specimen preparation B Modified hardness testing
— | machine (Zwick ZHU 0,2)

Flow girectio”

~ rection
ut dire
p\,\s\‘\c

Pushout
specimen

M Push-out setup / indenter

Flat-punch indenter
(tip diam. 5 pm) ‘ LFT specimen
\ (thin slice from cross section)
Fiber

///A:p::;k\\

*) Institute for Applied Materials IAM-WK, Karlsruhe Institute of Technology (KIT),
http://www.iam.kit.edu/wk/
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Micromechanical simulations and experimental validation
Plasticity & damage - fiber pushout simulation
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— Experiments (IAM-WK)
0.16 —Simulation
=012 -
@
2
u? 0.08 7/
%M
0.04

4
Displacement [pm]

i

s

I=}J S
=y,
o

Il
“I“l

W
T\

TR ‘1‘

255
0

==

-
=

=

AN

=

,
,-{;

7N

=
=

N

Z 7
7
/

A
7 T

Support area |
(constrained nodes)

® Inverse modeling for parameter identification
of the traction-separation law assigned to
cohesive elements beetween fiber and matrix

and contact accounting for friction

B Fit parameters:
- Failure energy (traction-separation law)

- coeffient of friction (contact)

tn Kn 81’1
tS — KS 8S
Lt K o

Traction-separation law (withe = d/h)

(%) (@) () -

Quadratic damage initiation criterion
tn,s,t — (1 - D)t_n,s,t
Damage evolution with damage variable D

—_—
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Micromechanical simulations and experimental validation
Plasticity & damage - results

60
PPGF30 - load dir. 90° /
/A T .
— fiber fracture potential
g increase
= : ; of strength
3 B L
g onsetofinterfacedamage == 00t o
® N potential increase
=9 \ - i of fracture strain |
E - -‘ " . \
g : 4 first effects of post-debonding friction
=
c
L
\__\__/l' - % Experiment
_7:'{:\\_, «+++ Simulation (realistic interface)
plastic flow of the matrix —3Simulation (perfect interface)
0
0.0175 0.035
Engineering strain
]
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Micromechanical simulations and experimental validation
Plasticity & damage - video

B Simulation accounting for matrix plasticity, debonding, friction and fiber failure
B PPGF30, 0° load direction

® Only fibers shown

..' S, Mises

K

_; "
]
\

[MPa]
2641
1000

917
833
750
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Outlook
Probabilistic approach*

200
180 P1-5-0°
. —P2-5-0°
B material: PA6.6 GF40 160 -
(compression molded) 0 oo
120 -
= = P3-590°

100 -

M stress-strain response

ot [MPa]

80

= overall wl M | eemmmEEE—-ots

40

= tensile tests within and

/
20 | 4

perpendicular to flow direction o 2 | | |

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
. &)

= section 10 mm x 3 mm s ] L s 220 g
= overall scatter i
¥ |ocal 290
1.75
= grey scale correlation o,
system (ARAN”S) 1.00
0.75
= distinct scatter on length 0.50
scales below 10 mm o
*) Hohe J et al.: Modeling of uncertainties in long fiber reinforced thermoplastics, % Fraunhofer

Materials and Design 66 (2015) 390-399 IWM



Outlook
Probabilistic approach

M local elastic response evaluated by ARAMIS (image correlation)

2% longitudinal and transverse Young’s moduli
+ ~®£;(@3-- l : - ; T S R :
: o e v DY il (Al O T -
o 1 H : = H " H ] H
% v > 0.8 : o : e R
A RS 0 -
! N — : 1 - : * Ny S S | S—
X HEE I B e
2| @ o | o '\l | N Nt Gt e i Pt s s mens s
' A 4 N 04 ' i ' f-- (i ---| 0°-dir., 0.9 mm x 0.9 mm
; 8 0.3 0°-dir., 1.8 mm x 1.8 mm
f N B 0°-dir, 3.6 mm x 3.6 mm
i 0.2 90°-dir., 0.9 mm x 0.9 mm
20 01 90°-dir., 1.8 mm x 1.8 mm
™ . = . 90°-dir., 3.6 mm x 3.6 mm
. @_@ 0
RN 12 14 16 18 20
v ;

- non-negligible uncertainty in elastic constants
—> dependent on size of evaluation area
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FE) []

Outlook

Probabilistic approach

B comparison of experimental observation
and numerical prediction

1
0.9

08|=
0.7}

0.6
0.5
0.4
0.3
0.2
0.1

......

. K- = 0:9-mm-x-0.9-mmnr -
O (°-dir, 1.8 mm x 1.8 mm

--------------------------------------------

(10 (0°dir., 3.6 mm x 3.6 mm

- 90%diri-0.9- mmx-0:9-mm

__________________________________________

€ 90°-dir.{ 3.6 mm x 3.6 mm

10 12 14 16 18 20

E, [GPa]

- good agreement of experimental and numerical results

—> differences in E; might be caused by variation in p;

M parametric study:

influence of fiber density (top)
and fiber angle (bottom)

on elastic moduli

FE) ]

B e

.................................

i [= &(pp=0133

- T = &(p)=0.183
0.2 +| == &(p;)=0233
[ T YIS L SR AN (N - ?(Dl’zggig

; e 3(py) = 0.33
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0o 2 6 8 10 12 14 16 18 20
E, [GPa]
1 — -
0.9} Eui ................ P
0.7 f-eeee -
0.6 f---- -
05 ....... IR NI e ' Gn Sy e s 8 S — a——
04} [ rrrrrr
L (5,)=0.05 7
03 (5) =015 7
0.2 f- T — | = &6,)=0251n
0. &6,) =035
: &(s,) =045

6 8 10 12 14 16 18 20
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Outlook
Micro specimens and inverse modeling

Local defect——> S SR =
N = =t RVE
‘ ‘ ey T ¢ (statistical

representative
microstructure)

Part level
(homogenized
properties)

Micro specimen
100 mm 4 e ’ (local damage mechanisms)
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Outlook
Micro specimens and inverse modeling

micro model
(complete)

(fibers)
micro model

(matrix)

CT scan micro model

|
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Outlook

Micro specimens and inverse modeling

70

60

w P [4,]
o o o

Engineering stress [MPa]

N
o

10

| Specimen 2 (15 vol-% fibers) |
| |

Il 1
N\ —Experiment —Simulation

0.1

Engineeringstrain

All simulations are performed with
identical material parameters
(damage energy of matrix/interface)

Different damage modes (shear/normal)

70

60

w B (5]
o o o

Engineering stress [MPa]

[aS]
o

10

‘ Specimen 1 (5 vol-% fibers) ‘

—Experiment —Simulation

[ TN

0.1 02 0.3 0.4 05
Engineering strain

200% difference in ultimate stress/strain between both specimens
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Outlook
Micro specimens and inverse modeling
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THANK YOU |

Contact:
Sascha Fliegener - Fraunhofer IWM - sascha.fliegener@iwm.fraunhofer.de
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