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1. Introduction & motivation

Manufacturing technology and material

* Molding of GMT materials can be divided into the u F
stages thermoforming and squeeze flow l l
* Investigated material: Tepex flowcore (Lanxess) t J f-l Lﬂ
* Matrix: PA6 (engineering thermoplastic) Stage 1: Stage 2:

e Fibers: Glass mat Thermoforming Squeeze flow

e Random fiber orientation Schematic of the stages during GMT moldlng
* High fiber volume content (47 vol.%)

* High fiber length (30 — 50 mm)

- .
s
* Major challenges: Y / L
* Wrinkling and incomplete mold filling |
* Process-induced deformation / warpage Wrinkling Incomplete mold filling Process-induced deformations

Exemplary processing issues
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2. Molding simulation

Challenge and approach for molding simulation

 Manufacturing process simulation is a powerful l F
tool for the optimization of manufacturing l

processes L ﬂj ‘

* Challenge for molding simulation with GMT: Stage 1: Stage 2:

Existing numerical techniques are capable to Th‘;rrr:jg‘f;:::”g S‘::’;ﬁfaetf(';""
predict either thermoforming or squeeze flow
Lagrangian \/ X

» Approach: Eulerian X \ v

Development of a sequential approach for

molding simulation of GMT materials Schematic illustration of the challenges and approaches chosen
for molding simulation with GMT
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2. Molding simulation

Workflow for sequential molding simulation

Step 1: Mapping
Thermoforming simulation * Deformed geometry
Lagrangian * Fiber orientation

[TTTTTITTTTIT

=y

I ABAQUS + API = MpCcl

* Temperature
\_|_|—|_|_| } * Crystallinity }

4

Step 2:
Squeeze flow simulation
Eulerian

=]

I ABAQUS + API

' AUTODESK’
|M moLorLow AP

Major achievements:
» Unified material modeling across the steps
» Mapping of relevant state variables
» Modularity through neutral exchange format
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2. Molding simulation

Material modeling and parameterization

e Cauchy stress is evaluated separately for the molten and ! —2007¢
the solid material state S e gom
g 2 300.0 °C
* 0(X,T) = X0s01iq + (1 — X)Oo1ten(T) é .
£ 100+
% 108 ]
;:; -101
* Molten material state: Equation of state (EOS) -y N—
and a nonlinear viscosity model 04 06 08 1o 12 14  1s
. Jacobian (-)
Omolten = —PI + 0yisc(T,7) Tait EOS parameterized for Tepex flowcore
10 , — 220.0°C
3 — 240.0 °C
* EOS: Tait-model (reformulated) e — 200
1 P10 300.0 °C
+ p=Blexp(3(1-p)-1]
é 10—1—;
* Viscosity: Cross-WLF model °
1072 o
[ ] y _— no_noo 1 —_ Al(T_DZ) LELLALLLL LR L LLL B LLLL B LLLY B LLL B R B R ALY
TI(T, }/) - 1+(1];)_*)'/)1_n + T’OO Wlth 770 B Dl exp (A2+T—D2) o o o Slhoe_:r-ratel(?:) o o o

Cross-WLF viscosity parameterized for Tepex flowcore
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2. Molding simulation

Application example: Geometry and process settings

* Hat section geometry is adopted to demonstrate 950 mm 37.5 mm
the workflow A :

A
A\ 4

330 mm

* Key data manufacturing process
* Press cycle time: 89s

* Tool temperature: 150 °C
(top and bottom)

* Blank dimensions: 950 x 335 x 4 mm?3

* Blank temperature: 287.3°C
(estimated temperature after transfer
through 1D thermal analyses)

CAD part of the hat section geometry

Tool kinematics model for thermoforming and squeeze flow simulation
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2. Molding simulation
Application example: Thermoforming simulation (ABAQUS/Explicit + API)

<l Sy T (oc)
290.0

150.0

Beginning of thermoforming simulation - 0.0 s End of the gravity step-6.0 s

End of the thermoforming step—8.0s End of the thermoforming step (detail) = 8.0 s

Western® Engineering 9



2. Molding simulation
Application example: Thermoforming simulation (ABAQUS/CEL + API)

T(°0)
290.0

150.0

Intermediate during squeeze flow - 8.3 s Intermediate during squeeze flow - 8.6 s End of the squeeze flow step - 8.9 s
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3. Warpage simulation

Analysis of Process-Induced Deformations (PID) and viscoelasticity

Oye = 0 I
W | en(X = 0)

* PID / warpage is induced by thermal strains

during solidification and cooling: E‘ Eg(X) = Ex(X) o (T, @) 4| £=0
« Thermal expansion e =0 Er (X)
* Shrinkage \/\/\
% ] i
|
 Solidification and cooling can be divided into | l l t < tgemold
different stages: 0o > 0 E—
—~——— ——
1. Fully molten (t = 0)
. fope . . ve <0 —_— & > ~
2 SoI|d|f|c?t|on in closed mold (t < tgemold) U_\/\/\ I i i E
3. Demolding (t = tgemold) p | I | E £ = tyomold
4. Relaxation of residual stresses (t > tgemold) G > 0 o~ — — E
' N
. o« o . . = — -0 %
> Viscoelasticity plays a major during W | i | §
o goge . . |
_ \
solidification and cooling - I I | E £ > tgemord
e} = 0 \/\/\ . s
; N
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3. Warpage simulation

Material modeling and parameterization

Thermal strains OO0 oo
< 0.00058 9 — 100.0 MPa
* Thermal strain increment splits into thermal %0_00057- — aovomr AsSh\
expansion and shrinkage due to crystallization: 5 0.00056 - P
Agy, = El_é_'l: + EA,.).{ E 0.00055 -
Agexp Aggy E%O-OOOS“ 1
e Parameterization thermal strains upon pvT data 0.00053 .

50 100 150 200 250 300
Temperature (°C)

Tait EOS for flowcore for parameterization of thermal strains

Viscoelasticity .
104 4
* Mechanical modeling is based on Prony and time ~ 120 G
temperature superposition (TTS) = 100 2
X t 3 10°; 8 §
C)=Co|1— z Ip (1 — €Xp <_ _>> 2 T e 60 @
— Tp ] «  Storage modulus
p= 1 +  Loss modulus 40
10?2 T . T .
* Parameterization TTS upon DMA test results and 107 107 1072 107

. Frequency (Hz)
Prony series upon master curve .
Flowcore master curve at 45 °C determined through TTS
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3. Warpage simulation

Prediction of local material properties through homogenization

* Manufacturing process induces a change in fiber
orientation due to material flow

* Local fiber orientation is predicted in molding
sai?\?ulation through Jefferey’s equation:

E:w-N—Now+/1(D-N+N-D+2N:N)

» Effective local material properties of the
composite are homogenized with Mori-Tanaka’s
equation:

Cwmr = Cym + cm((Cr — CM)Als:{)P)FAMT

* Hypothesis for viscoelasticity:
* Only module C; is influenced by local orientation
* Retardation times are orientation independent

Local fiber orientation predicted by molding simulation (max. eigenvalue)
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3. Warpage simulation
Application example (ABAQUS + API)

[u| (mm)
6.15

0.0

Process-induced deformation / warpage

25.0

Relative crystallinity

Temperature

T (°C)
200.0

25.0
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4. Conclusion & outlook

Conclusion Outlook

« A modular virtual process chain for GMT * Molding simulation: Anisotropic viscosity
materials is implemented

* Sequential molding simulation * Warpage simulation: Comparison viscoelastic

* Warpage simulation under manufacturing effects approach to simplified material modeling:
* Path-dependent approach

* The approach is successfully applied to a hat * CHILE approach

section geometry for demonstration
* Thermomechanical molding simulation is required  « Validation of the proposed virtual process chain

due to significant cooling through correlation with experimental tests
* Viscoelasticity plays a major role during e Short shots
solidification and cooling * Local uCT scans

e Surface scans

* Industrialization of the proposed approach
through the spin-off company SIMUTENCE
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