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Abstract

With regard to the challenges in the automotive production sector, caused by political regulations of CO2 emissions,
lightweight concepts are focussed by industrial development. Fibre reinforced plastics (FRP) represent an alternative mate-
rial compared to monolithic steel. On the one hand FRP materials offer advantages like less density with high specific
strength, on the other hand new production concepts and processes are needed. A possible approach is the combination of
different forming processes for the production of new hybrid components. Polymer based and conventional sheet metal
material characteristics differ strongly. Therefore an extensive material characterisation is needed as well as appropriate
mathematical methods concerning the material modelling. This publication deals with the material characterisation of glass
mat reinforced thermoplastic composite (GMT) and the finite element based design of a manufacturing process of hybrid

components with metallic inlays.
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1. INTRODUCTION

Regarding the political driven reduction of CO;
emissions, the use of fiber reinforced plastics (FRP)
is a promising approach for component manufactur-
ing in automotive and aerospace sector. FRP material
consists of polymeric matrix material and fiber rein-
forcement. In addition to carbon fibers, glass and nat-
ural fibers are applied for lightweight material. Dif-
ferent fiber types are chosen: short, long or endless
fibers. Due to the chemical structure, polymer mate-
rials differ in a wide range compared to monolithic
steel materials. The flow behavior is strongly temper-
ature dependent. For the handling of FRP materials
the characteristics of fiber and matrix material need
to be known. The required knowledge is growing with
further influences, e.g. varying fiber content or addi-
tional reinforcements, like metallic inlays. All these
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effects and interactions influence the forming behav-
ior of the hybrid component. The combination of dif-
ferent materials for the generation of hybrid automo-
tive components is a promising approach, see Beh-
rens et al. (2017a), Behrens et al. (2017b), Behrens et
al. (2017c). Herein the application of glass mat rein-
forced thermoplastic composite (GMT) material is fo-
cussed. The GMT is based on polyamide 6 and glass
fibers with randomly orientation.

2. RHELOGY OF POLYMER MATERIALS

With reference to the GMT structure, plastic
forming is strongly related to temperature. Applying
thermoplastic material in manufacturing processes,
knowledge of fluid process technology is required,
because GMT material is handled in a polymer melt
state (Eyerer et al., 2008). Due to this effect, the flow
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behaviour requires a distinct description different to
monolithic steel blank. In this context the most sig-
nificant parameter is the viscosity, which is defined
as inner resistance against a constant loading (Eyerer
et al., 2008). Viscosity depends on the process condi-
tions, especially the occurring temperature. In litera-
ture, this type of material, which cannot be character-
ized by established physical and mechanical ap-
proaches are classified as non-newtonian fluids. For
the description of the flow behaviour, viscosity 1 is
presented as a function of shear rate y. Due to an ex-
pensive effort for the material characterisation, this
relationship is used, even if it is not covering all ef-
fects (Giesekus, 1994).

Scientific work on the flow behaviour of GMT
and its characterisation exist. Kau and Hagerman
(1987) investigated compression molding process for
sheet molding compounds to identify viscosity char-
acteristics. Squeeze flow testing is a suitable ap-
proach for the estimation of flow characteristics of
GMT material. In Kotsikos et al. (1996) injection
molding of fiber reinforced polypropylene is consid-
ered and the flow behaviour is described taking into
account anisotropy and non-newtonian flow effects
by power law relationships. A basic approach to de-
scribe the flow behaviour is presented by Ostwald-de
Waele equation (Giesekus, 1994):

r=K 7[5 D)

In formula (1) t represents the shear stress, vy the
shear rate or rather velocity, K the consistence param-
eter and n the flow index. In case of a press rheometer
setup the required pressure force depends on the re-
sulting resistance in terms of shear and strain amounts
(Oelgarth, 1997).

Figure 1 outlines the shear and strain amounts
within a press rheometry flow process. For simplifi-
cation and in case of extreme flow phenomena, wall
slip zone is regarded as shear zone. In addition to the
pressure values, further stress ratios need to be taken
into account.

With reference to equation (1), the deformation
tensor specification can be splitted in strain (D) and
shear (S) ratio (Oelgarth, 1997):

o = 2m Ko |‘é|nD_1 2)

ns =Ks |7}|n371 3)

With these terms a description of flow behavior is
possible. The flow characteristics of polymeric mate-
rials are strongly temperature dependent and in gen-
eral? described by means of viscosity and shear rate.

wall slip zone

= shear area

Fig. 1. Representative sketch of polymer melt flow in press
rheometry setup (according to Oelgarth, 1997).

A concept for temperature dependence is pre-
sented by Cross-William-Landel-Ferry (1955). The
behavior is described with estimation of a master
curve and a shift factor o, see equation:

8.86(T, —T;) 8.86(T-T;)

'00(er) = Tor8(T, —T.) T0L6(T —T.) “

where: T - current temperature, Ts - reference temper-
ature, Tg - temperature from the experiment.

The factors 8.86 and 101.6 are determined by
Cross-William-Landel-Ferry (1955) based on experi-
mental investigations. For the experimental estima-
tion of viscosity data rotational or capillary rheometer
are state of the art. To enhance the usability in com-
mercial software packages a flow curve based on the
viscosity data representation is created, see (Hussain,
2013). Concerning numerical software packages,
stress and strain data are often preferred as input data.
The transformation of the viscosity data is done in
Hussain (2013) with equations:

&= 3(T)é ()
_7
é \/g()

where: & - effective stress, # - viscosity, T - tempera-
ture, ¢ -strainrate and y - shear rate.

For the viscosity analysis, linear stage of the log-
arithmic force displacement curve is used. Taking
into account different punch velocities, the flow ex-
ponent n from equations (2) and (3) can be estimated
by the gradient of press force characteristics. Further-
more with the determination of consistency parame-
ters K; (equations (2) and (3) a representation of vis-
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cosity versus shear rate can be obtained. More de-
tailed transformation procedure for GMT material is
presented in Behrens et al. (2018).

For GMT material no general standard proce-
dures for the experimental estimation of flow behav-
iour exist. In addition there are several combinations
of fibre and polymer material and the range of pro-
duction fluctuations are higher compared to mono-
lithic sheet material. Reliable flow behaviour infor-
mation is not available from producers or databases.
The presented existing literature differs in application
fields and material combinations. Often circular plate
geometries are used (Davis and McAlea, 1990), there-
fore it is difficult to generate reliable data due to fric-
tion, pressure, heat flow, etc. These influences have
to be minimized in order to obtain accurate input data.
To ensure reliable information for the flow behaviour
of the applied GMT material, an experimental set-up
has been created and press rheometry tests have been
carried out within the current study.

3. EXPERIMENTAL RHEOLOGICAL
CHARACTERISATION METHOD

Herein for the characterisation of the glass mat re-
inforced thermoplastic composites a rheometer tool
set-up (see figure 2) is used to investigate the flow

insulation plate

heating
cartridge

behaviour depending on the temperature. The inves-
tigations are carried out with a step of pre-heating of
the samples to achieve a homogenous temperature
distribution in the specimens. Afterwards the speci-
mens are pressed with velocities of 1 mm/s and 3
mm/s, tool temperatures from 220°C up to 280°C and
two different specimen thickness values. Figure 2
presents the experimental set-up with upper and lower
tool geometries with inserted heating cartridges.

To describe the flow behavior of the GMT an ad-
ditional analysis and subsequent transformation of the
experimental data according to Hussain (2013) and
Behrens et al. (2018) have to be perfomed. For the
present contribution, in addition to the procedure in
Behrens et al. (2018), an approach related to bulk
metal forming characterisation test is applied. In
Schommer et al. (2014) a press rheometry test with
cylindrical samples is used to determine the flow
characteristics of a sheet molding compound (SMC).

Assuming an incompressible material, constant
temperature and load cell data a flow curve represen-
tation is generated. For the estimation of the flow
characteristics, specimens with a dimension of 50 mm
x 30 mm x 4.2 mm and a punch velocity of 1 mm/s
are used. Taking into account the geometrical dimen-
sions and boundary conditions, no length change in y-
direction, an effective stress-strain curve can be de-
termined.

upper tool

lower tool

insulation plate

Fig. 2. Experimental set-up for rheology investigations of GMT material.
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Figure 3a presents the force-displacement curve
for the rheometry test at 206°C and figure 3b includes
the estimated effective stress-effective strain curves
for the GMT material at 240°C, 260°C and 280°C.
For the temperatures 240°C and 260°C the results
show similar characteristics with reference to the
curve shape, for 280°C the curve shape indicates sig-
nificantly softer material behaviour with lower stress
values. Depending on the used polyamide and the fi-
bre structure for higher temperatures, e. g. 280°C, the
thermoplastic material exhibits a predominantly lig-
uid like state.

100 ¢

Force [kN]

0 1 2 3
Displacemert [rnm
a) p [mm]

12 j

— 240°C
- 260°C
— Z80°C

Effective stress [MPa]
=

0.0 0.z 0.4 0.6
b) Effective strain [-]

Fig. 3. Experimental force displacement curve at 260°C (a) and
estimated flow curve representation for GMT material at 240°C,
260°C and 280°C (b).

With the smoothed data for the force displace-
ment values it is possible to identify a basic flow be-
havior description with reference to compression test
analysis from bulk metal forming.
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4. NUMERICAL SIMULATION

Taking into account boundary conditions of the
press rheometry setup and material data a numerical
simulation is carried out using the commercial soft-
ware package LS-DYNA. Furthermore the evaluated
viscosity data is used for finite element modelling
with regard to fluid structure interaction (FSI). The
FSI approach is based on an Eulerian-Lagrangian
coupling algorithm using different mesh fields for the
description of the fluid and the solid parts (Schommer
et al., 2014). For the GMT material modelling, ele-
ment free galerkin (EFG) method (Guo et al., 2010)
is applied using precise remeshing procedure. As ele-
ment formulation, adaptive element type 42 is chosen.
EFG method for nearly incompressible materials on
the one hand offers advantages in case of high distor-
tions, moving boundaries (FSI) and adaptive proce-
dure (Guo et al., 2010). On the other hand EFG for-
mulation requires higher CPU cost. According to so-
lution algorithm, EFG method adopts stress point in-
tegration and provides accurate surface representa-
tions (Karajan et al., 2014), which is beneficial for the
numerical modelling of GMT.

Figure 4 shows the FE model for the simulation
of the characterisation test of GMT material. Tool ge-
ometries are modelled as rigid with thermal conduc-
tive properties and for the GMT material EFG method
is applied. Corresponding to the experiment, dis-
placement in y-direction is suppressed. FE simulation
of the related press rheometry characterisation test us-
ing a plasticity material model is performed. The ob-
jective of this FE simulation is the correct prediction
of material flow depending on the boundary condi-
tions.

Upper tool

(rigid, thermal conductivity,

themal characteristics,

initial tool temperature, e.9. 260 °C)

GMT material
(EFG element formulation)

Lower tool

(rigicl, thermal conductivity,

thermal characteristics,

initial tool temperature, e.g. 260 °C)

Fig. 4. FE model for numerical simulation of press rheometry characterisation test for GMT material.
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5. RESULTS, DISCUSSION AND
CONCLUSIONS

Focus of the FE simulation is the prediction of the
material flow depending on punch speed and temper-
ature influence. In figure 5 the resulting geometries
from experiments and predicted specimen dimen-
sions after forming by the FE simulation are shown.
Figure 5 a) presents the material flow for three
timesteps (t1, t2, t3) and the corresponding flow
length. Figure 5 b) shows the final specimen geome-
try after processing from experiment and figure 5 c)
presents an optical comparison of final geometry be-
tween FEA and experiment.

\ Flow
\direction

R

Simulation

Experiment

c)

Fig. 5. FE results for press rheometry simulation at different time
steps (t1, t2, t3) (@), experimental components after process (b) and
geometry comparison between FEA and experiment for GMT
material processing at 260°C (c).

Figure 6a shows the specimen dimensions of ini-
tial and final shape, figure 6b presents the correspond-
ing force displacement curves. The length increases
in the experiment up to circa 78 mm. After passing
the tool length (see figure 2), a squeeze out effect oc-
curs for the GMT material. This material accumula-
tion can be predicted by the FE simulation. The final
height values h2 are included in figure 6a. The speci-
men dimensions of the numerical simulation corre-
spond to the experimental results. The material model
is limited for the prediction of air inclusions and local
squeeze out effects of the thermoplastic material, but
overall applicable to predict the material flow of the
GMT block.

) h,e, = 14.41 mm
u h,,,= 13.14 mm
——
" /
-
h, b
1,
I.
Lo =78 mm
a) bym= 75 mMm
50 &
40
= Experiment
30
= = FE Simulation

Force [kN]

oy

Displacement [mm)

b)

Fig. 6. Process sketch including final geometry dimensions (FEA
and experiment) (a) and force displacement curves for GMT
material processing at 260°C (b).

Within the work for this contribution an experi-
mental set-up for press rheometry tests has been de-
signed and applied for composite material. The anal-
ysis procedure has been proved and can be used in FE
simulations with the estimated data for this kind of
material. The minimisation of influences concerning
existing literature approaches has been done and the
set-up can be used in future for similar characterisa-
tion tests for different kind of materials.

Taking into account the experimental and numer-
ical results, an important contribution for the predic-
tion accuracy in the FE simulation of GMT material
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forming has been provided. Moreover the influence
of rotational tool motion on the polymer mold have to
be evaluated within a parameter study.
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DOSWIADCZALNA I NUMERYCZNA ANALIZA
ZACHOWANIA SIE W CZASIE PLYNIECIA
HYBRYDOWYCH STRUKTUR
WYTWORZONYCH W NIEKINEMATYCZNIE
OGRANICZONYCH PROCESACH
PRODUKCYJNYCH.

Streszczenie

Wyzwania stawiane sektorowi samochodowemu zwigzane z
ograniczeniem emisji CO2 powoduja zainteresowanie lekkimi
elementami w rozwoju przemyshu. Tworzywa sztuczne wzmoc-
nione wloknami (ang. Fibre reinforced plastics — FRP) sg alterna-
tywa dla monolitycznych stali. FRP z jednej strony pozwalaja
uzyska¢ wysokie wytrzymatosci przy nizszej gestosci, ale z dru-
giej strony wymagaja nowych metod produkcyji. Polaczenie roz-
nych metod ksztaltowania w produkcji hybrydowych elementow
jest jednym z mozliwych rozwigzan. Charakterystyki kompozytu
na bazie polimeru i stali sa rozne i dlatego potrzebne sg szerokie
badania wlasno$ci materialow i1 opracowanie odpowiednich me-
tod matematycznego modelowania. W pracy wykonano badania
wilasnosci kompozytu na bazie polimeru wzmacnianego szkla-
nymi wioknami. Ponadto wykorzystano metodg elementow skon-
czonych do projektowania wytwarzania hybrydowego elementu
inkrustowanego metalem.
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