MACROSCOPIC MODELING OF THE
LINEAR-VISCOELASTIC VIBRATION BEHAVIOR OF
SHORT-FIBER REINFORCED PLASTICS

Fabian Urban**, Peter Middendorf®
NVH Powertrain, Mercedes-Benz AG, Stuttgart, Germany
°IFB — Institute of Aircraft Design, University of Stuttgart, Stuttgart, Germany

ABSTRACT

At present, the simulation cannot satisfactorily reproduce the actual vibration behavior of
short-fiber reinforced plastics. This is because the required viscoelastic material data, in particular
damping, is often not available. For this purpose, a new experimental method was developed which
can characterize the exact stiffness and damping of the material for a wide frequency range, taking
into account environmental conditions such as temperature and humidity as well as fiber
orientation. Additionally an orthotropic material model was developed, which can describe the
linear-viscoelastic vibration behavior on a macroscopic level with the measured material data and
a 2nd order orientation tensor from the injection molding simulation. A validation was performed
on cuboid test specimens and engine mounting brackets. Results showed that the approach
achieves an accuracy in calculating the resonance frequencies of <4 %. It works with
thermoplastics and thermosets without an iterative reverse engineering approach but with a
significant effort needed to characterize the materials.
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1. INTRODUCTION

More and more components made of short-fiber reinforced plastics (SFRP) are used in modern
powertrains. They are not only of interest for the NVH (noise, vibration, harshness) improvement
of conventional combustion engines, but also for high-frequency electric drives in the future. The
main reason for this is the good acoustic properties due to the lower stiffness and higher damping
compared to classic metallic materials. Engine mounting brackets made of SFRP are perfectly
suited for this application and established in series production for several years. They transmit less
structure-borne noise from the engine block to the carbody and are therefore a crucial element in
the reduction of vehicle noise. In order to meet the increased customer demands regarding the
acoustic value of a vehicle, a precise prediction of the vibration behavior of such components is
necessary at an early stage of the development process. [1-5]

However, the simulation cannot satisfactorily predict the actual vibration behavior of
fiber-reinforced plastics at present. One reason for this is that the required material data, in
particular the damping, often originate from purely static tests or are completely unknown.
However, dynamic, orientation- and frequency-dependent material properties are required in order
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to be able to reproduce the special viscoelastic properties of the SFRP. [4,6—8] For this purpose,
however, there is a lack of suitable test methods to determine the exact stiffness and damping of
the material for a large frequency range under consideration of environmental conditions such as
temperature, humidity and fiber orientation as well as a proper material model, which can process
the material data in the simulation. [9]

The present study focuses on the description of a macroscopic material model, which can process
material data characterized with a new experimental method. Therefore, short-fiber reinforced
thermoplastic and thermoset materials are investigated as test specimens and as an engine
mounting bracket. At first, the state of the art regarding characterization and currently used
methods for the description of fiber orientation and viscoelasticity is presented. The proposed
approach is described beginning with the injection molding simulation followed by the orthotropic
material model processing fiber orientation as well as material data. Thereafter, the material
characterization is explained concluded by a method to create the material card by means of an
averaged fiber orientation. Finally, the boundary conditions of the experiments and simulations
carried out are described and their results are compared for validation.

2. STATE OF THE ART

2.1 Experimental Characterization

Various methods exist for the characterization of dynamic material properties. The standard
ISO 6721-1 [10] generally describes methods which allow the determination of the viscoelastic
parameters storage and loss modulus of plastics at different temperatures or frequencies.

The most common approach is the dynamic mechanical analysis (DMA) described in standard
ISO 6721-5 [11]. In this method, a sample is excited with an oscillating force and its response
behavior is measured. Force and displacement response yield stress and strain, which, together
with their phase shift, allow the calculation of the storage and loss modulus. In addition to the
temperature, the excitation frequency can be varied to characterize a frequency-dependent
behavior. [12] The method is limited to a frequency range up to approx. 200 Hz. By using
calculation approaches such as those of William-Landel-Ferry or Arrhenius, the time-temperature
shift allows to conclude from a temperature-dependent to a time- and therefore
frequency-dependent material behavior, thus greatly extending the usable frequency range of the
material properties. [13—15] This assumption only partially applies to thermorheologically simple
materials. Since plastics show phase transitions like e.g. the glass transition, they generally behave
thermorheologically complex. This means that there is no clear relation between time and
temperature at all and therefore no steady curve for the complex modulus by the mathematical
shift approaches in the frequency domain. [1,2]

An alternative approach is the flexural resonance method. The standard ISO 6721-3 [16] describes
how material properties can be derived from resonance curves of specimens. The frequency
position of the resonances and the geometry of the test specimen are used to determine the storage
modulus and the width of the resonance peak is used to determine the loss modulus using the
3dB-method. However, it is shown that the mounting method and contactless excitation proposed
in the standard only delivers good results up to frequencies of approx. 1000 Hz. [17-19] More
recent approaches to mounting, excitation and measurement for a much larger frequency range, by
using e.g. a shaker and a laser vibrometer, can be found in [20-23].



2.2 Modelling of the fiber-orientation dependent material properties

There are many methods in the literature to describe the influence of short-fibers on the mechanical
properties of plastics. Usually, these mathematical and physical models consist of a multi-stage
homogenization method. [1]

In recent years, models based on the mean-field theory have been established. According to
Bohm [24], these are approaches that describe the material in so-called Representative Volume
Elements (RVE). It establishes a relationship between the outer macroscopic and the inner
microscopic stresses and strains of the RVE. Using a mixing rule, the stiffness of the composite
material is calculated from the material properties of the fiber and matrix material, the fiber volume
fraction and a concentration tensor.

To determine the concentration tensor there are several procedures in the literature. Often the
Mori-Tanaka theory [25] is applied. The idea is that the fibers are sufficiently far apart and thus
decoupled from each other, so that an embedded fiber only sees the properties of the surrounding
matrix. Using the fundamental Eshelby solution [26] for the mechanical relationship between fiber
and matrix, the composite stiffness can be determined. One limitation, however, is the necessarily
low fiber volume fraction due to the decoupling of the fibers to each other, Christensen [27]
showed the applicability for a fraction of up to 30 %, Kaiser [28] also for values greater than 30 %.
Possibilities for direct calculation of the engineering constants are the method according to
Halpin-Tsai [29], which does not require an Eshelby solution, and the more precise method
according to Tandon-Weng [30], which is based on Mori-Tanaka. Besides these 2-phase models,
which only consider fiber and matrix, there are more precise approaches which allow a 3-phase
consideration of fiber, matrix and interphase in between. The Reconsidered-Double-Inclusion-
Model (RDI-Model) by Schoneich [31] is worth mentioning here.

However, all approaches only provide information on microstructures which fibers are all
unidirectional oriented in the RVE under consideration. However, this is not the case for injection
molded components. Therefore, the different fiber orientations from the injection molding
simulation are divided into unidirectional, equal sections by means of 2-step homogenization, and
are then weighted and superposed to a direction-dependent total stiffness. A prerequisite, however,
is sufficient knowledge of the existing injection molded fiber orientation distribution in the
examined object. Nowadays, this can be extracted from the injection molding simulation using
process-structure coupling software that allows a transfer to the finite element (FE) mesh of the
structure simulation. [1]

2.3 Modelling of the frequency-dependent viscoelastic material properties

In the literature, the description of the frequency-dependent stiffness and damping of plastics is
done by mathematical formulations or approximate solutions, which however distinguish to the
realistic physical behavior of the composite material. This is due to the fact that a direct
characterization of the material properties is not yet possible for a large frequency range without
problems. Therefore, the viscoelastic material behavior is approximated by means of substitute
models. A good overview is provided by Treviso in [9]. In the following, the possibilities that are
available in the common FE-programs are discussed.



If the calculation of the vibration simulation takes place in modal space, linearity must be assumed.
This linearization leads to the fact that viscoelastic material models are not useable at all.
Therefore, substitute models must be applied. This can for example be modal damping. It is defined
as a relative part of the critical damping, is frequency-dependent but difficult to determine and can
only be used isotropically. [1] Alternatively Rayleigh damping can be used. It is a linear
combination of mass and stiffness matrix, i.e. a purely mathematical approach without physical
considerations. It can only be defined globally for the entire model and only at exactly two
frequencies. [32] However, these approaches are very simply suitable for adapting the unknown
material parameters to an experiment by means of reverse engineering until the results show good
agreement. This was shown for example in [2,20].

If, on the other hand, the calculation can be done by directly solving the linear system of equations,
there are other possibilities. Using Prony series, the frequency-dependent material behavior can be
approximated by a sum function with any number of Prony elements. For a high accuracy,
however, a relatively large number is required, which in return requires a large experimental and
simulative effort. [33,34] Alternatively, the viscoelastic material behavior can be transferred
directly to the FE-program as storage and loss modulus in a Jacobian matrix. [32]

3. PROPOSED APPROACH

3.1 Overview

The existing methods for the vibration simulation of SFRP have been successfully using
microscopic approaches. A major problem is the lack of a characterization method to measure
viscoelastic material properties for a wide frequency range. The data is still mathematically
extrapolated from low frequencies or determined by means of a reverse engineering approach and
not directly measured.

The proposed approach therefore follows a different path. By means of a new more advanced
experimental method, SFRP can be characterized in a wide frequency range as a function of
temperature, humidity and fiber orientation. The viscoelastic material data can be used directly in
the FE-simulation by using a macroscopic material model. Figure 1 gives an overview of the
approach.
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Figure 1. Overview of the proposed approach

The injection molding simulation is calibrated with the micro computer tomography (u-CT) and
the fiber orientation is then mapped onto the FE-mesh of the structure simulation. The flexural



vibration of the test specimens is measured and analyzed. Storage and loss modulus are determined
for every resonance frequency. Together with the averaged fiber orientation for every measured
specimen the frequency and orientation dependent material card is calculated. It is then read and
processed by the FE user-material (UMAT). For every calculated frequency step the implemented
material model fills an own complex orthotropic stiffness matrix for every element of the structure
simulation FE-mesh.

3.2 Fiber orientation

During the injection molding process a characteristic cross-sectional profile of the injection
molded component is observed. It can be approximated using a 3-layer model. In the outer layers,
the shear effects at the borders of the injection mold cause the fibers to align in the direction of
flow. In the middle of the flow path, an alignment of the fibers transverse to the flow direction can
be observed. The thickness of the middle layer depends essentially on the velocity profile of the
flow and thus on the viscous properties of the plastic used and its process parameters. [1]

The common tools of injection molding simulation use variations of the Folgar-Tucker model and
its extension the Reduced-Strain-Closure model. Advani and Tucker [35] developed the possibility
to describe the orientation distribution in the form of a local orientation tensor of 2nd or 4th order.
For the elastic consideration, the 2nd order orientation tensor is sufficient. [1,36] The calculation
of especially thermosets is still problematic. The curing reaction must be considered and
characteristic values are hardly available. Therefore, the fiber orientation distribution of the
injection molding simulation should be validated with a pu-CT analysis and calibrated if necessary.

Since the FE-mesh of process and structure simulation are completely different, the calculated
fiber orientation distributions, i.e. the orientation tensor, must be transferred from the finer
injection molding mesh to the coarser structure simulation mesh using a process-structure coupling
software. For this purpose, the "Nearest-Neighbor method" is used to enable a corresponding
assignment. The orientation tensor then provides information about the orientation in the local
element in the form of a local eigenvector pointing in the main direction with the most fibers. The
eigenvalues describe the percentage of fibers in the main and the other directions of the Cartesian
coordinate system, which differs from element to element. [1]

3.3 Material model

The aim is to use the viscoelastic material properties from the experiment directly and
macroscopically. To assign an orthotropic stiffness matrix to each FE-element, the material data
is taken directly from a large, universally valid material card using an angle-dependent description.
The 2nd order orientation tensor from the injection molding simulation provides eigenvectors and
eigenvalues that locally describe the main direction of the fibers and their percentage in the
respective directions. Therefore, a material model linking eigenvalues and angle-dependence is
required.

First, the different coordinate systems shown in Figure 2 must be explained. In the global FE-
coordinate system (X,y,z) each element receives a local orientation coordinate system consisting
of three eigenvectors (1,2,3) defined in the X,y,z-system. The 1-vector points in the direction in
which the largest percentage of fibers in the element is oriented. The eigenvalues (EV,EV,,EV3)
indicate the percentage of fiber in the respective directions of the 1,2,3-system and have the sum



of 1. Now a homogenization takes place by forming the resulting vector ﬁhom in the 1,2,3-system
with the three eigenvalues in order to consider fiber influences of all directions in the local element.
The relative deviation of the homogenized vector to the local 1,2,3-system thus contains the
information about the stiffness of the element.

1,2,3: main axis system of the

n X,V,Z: lobal FE coordinate system
] orientation tensor (eigenvectors)
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Figure 2. Coordinate systems of a local macroscopic FE-element

Figure 3 shows how to conclude an angle-dependent local element description from the deviation
of ﬁhom to the 1,2,3-system. Assuming that the eigenvalue 1 is equal to 1, the other eigenvalues
have to be equal to 0. In this case, the homogenized vector points in the direction of the 1-axis and
all fibers in the element are oriented in this direction. Thus, the element would have an ideal
relative angle of 0°-stiffness with all fibers in this direction, which corresponds to the ideal high
stiffness of the 1-axis. If, on the other hand, the eigenvalues 2 or 3 are equal to 1, the homogenized
vector would point in the corresponding direction. The stiffness of the local element relative to the
1-direction would thus have an ideal relative angle 90°-stiffness with all fibers in those directions,
which therefore corresponds to the ideal low stiffness of the 2- and 3-axis. The real homogenized
vector moves in between. By means of projection in the 12- and 13-plane, a relative deviation
angle ¢ and 6 from the 1-axis is obtained, which varies between 0° and 90°.
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Figure 3. Local orientation projection into the 12- and 13-plane

Therefore, the local stiffness in the 1,2,3-coordinate system in the 1-direction results from the
relative deviation of ¢ and 6 from the 1-axis with the storage modulus E’'(¢) and E'(0) taken
from the angle-dependent material card to

_E'(¢)-EV, +E'(0)-EVy
B EV, +EV, '

E; (1)



The eigenvalues are used to allow a relative weighting of the fiber quantity for the respective
direction. To calculate the stiffness in the 2- and 3-directions, the quadrants have to be switched
and the homogenized vector has to be completed to a Cartesian coordinate system. Its projected
angular deviation from the 2-axis and to the 3-axis results in the respective stiffness

E'(90° — ¢) - EV, + E'(90°) - EV,

Ej} =
2 EV, +EV,

)

E'(90°) - EV, + E'(90° — 6) - EV,

E} =
3 EV, +EV,

)

Equations (1-3) can be used in the same way for the loss modulus. Thus, the complex orthotropic
stiffness matrix in Figure 4 can now be filled locally for the considered element. Finally, it must
be transformed back into the global x,y,z-coordinate system with the coordinates of the
eigenvectors in order to perform the FE-calculation.
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Figure 4. Complex orthotropic stiffness matrix [32,37]

3.4 Experimental Characterization

At first, cuboid test specimens are cut out of a flat injection molded plate in different orientations
relative to the flow direction, see Figure 5.
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Figure 5. Preparation of test specimens (left to right: injection molded plate, cutting orientations,
test specimens with specimen-adapter)



The experimental characterization method of the viscoelastic material properties originates from
the self-developed patent [38] which is based on the flexural resonance method in Chapter 2.1.
The functional principle and the real mounting structure is shown in Figure 6.
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Figure 6. left: principal test setup, right: mounted specimen in climatic chamber

The properties of plastics are very sensitive to even small changes in temperature and humidity. A
climatic chamber allows constant ambient conditions during the tests. A possible operating range
of -30 °C to 220 °C requires that the sensitive equipment is located outside the climatic chamber.
The sensor measuring the excitation, as well as the mounting structure must be located inside the
climatic chamber and therefore be temperature and humidity resistant.

The specimens are mounted in a fixed-free suspension inside the climatic chamber and excited
with a sinusoidal sweep by a shaker. The stinger transmits the excitation into the chamber and
through the impedance sensor measuring force and acceleration into the mounted specimen. Using
a laser vibrometer, the flexural vibration response is measured at the free end of the specimen.
Dividing the resulting acceleration a with the excitation force F yields the accelerance frequency

response function (FRF) a/F [g/ N]. Since linear-viscoelastic material behavior is assumed, there

is a linear relationship between the excitation force as energy introduced into the system and the
resulting acceleration of the test specimen. By using the force normalization, the measured and
evaluated FRF does not change despite a fluctuation of the excitation force in the test. The FRF is
therefore comparable and reproducible.

By varying the excitation frequency, any number of resonance orders up to a frequency of 10 kHz
can be evaluated from the FRF. From the i-th resonance frequency f; of the flexural vibration,
together with the length [ and thickness h of the test specimen, the density p of the material and
the fixed-free suspension condition k;, the storage modulus E’ in each resonance frequency can be
determined by means of a transformed Bernoulli bar theory according to [16] with

, _ 48m?pl* f

P TR ki = (i — 0,5)%n?. 4)



The loss factor tan(d) is determined with the 3dB-method from the i-th resonance frequency
width Af; at which the amplitude of the FRF resonance peak has fallen on both sides by 3 dB and
the resonance frequency f; with

Af;
tan(8)f = Tf (5)

The loss modulus E can now be calculated using (4) and (5) with
Ef = Ef - tan(8)y. (6)

Storage and loss modulus can only be determined in the resonance frequencies of the test
specimens. Depending on stiffness, geometry and density, this can include more than a dozen
resonances up to a frequency of 10 kHz. Viscoelastic material data can be calculated for each of
the resonance frequencies. By interpolating between these discrete data points, a
frequency-dependent curve can be determined. However, the sample has to show a pure flexural
vibration without a superimposed, e.g. torsional mode. In addition, the test setup should not show
any resonance behavior itself, the laser has to measure a good quality signal on the sample and the
energy introduced by the shaker must be sufficiently high even at high frequencies.

Although the test setup can be used universally for non-reinforced plastics or other classes of
materials, the focus is on SFRP. For an orientation dependence, test specimens are cut out in an
orientation relative to the flow direction from an injection molded plate. However, experience
shows only 75 % of the fibers are oriented in the flow direction, the remaining fibers are oriented
in the transverse and thickness direction. Therefore, fully oriented test specimens are not available
for injection molding but rather a mixed composition varying with the cutting direction of the
specimens.

3.5 Generating a material card

In order to be able to fill equations (1-3) with angle-dependent storage and loss modulus, a
comprehensive material card is required. The characterization is carried out using specimens
cut-out from injection molded plates. However, the cutting direction has nothing to do with the
fiber orientation angles required in the material model. Therefore, a method has to be found to
conclude from a cutting orientation to a fiber orientation, which can be used to fill the material
card with the measured data.

First, the evaluation procedure and the generation of material cards must be explained. Since
viscoelastic material data has to be calculated directly in the FE-simulation, an update of the
stiffness matrix can take place for every frequency step. Thus, for each a material card with
angle-dependent storage and loss modulus is needed. The procedure is shown in Figure 7. The
measured FRF is evaluated in its resonance frequencies. The material data determined on several
test specimens of the same cutting orientation are averaged and interpolated in the frequency
domain. Afterwards a swap of the order of values takes place and for each interpolated frequency,
an angle-dependent function is generated by interpolation between the measured orientations.
These data are stored as discrete points in a material card for a given temperature and humidity, so
that the FE-simulation can search for the required material properties.
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Figure 7. Generation of a material card from a FRF

The measured specimens have an averaged stiffness of all fiber orientation distributions that occur
in them. It is assumed that the averaged deviation of all macroscopic elements of a test specimen
corresponds to the stiffness value measured with it. In order to determine the correct averaged
orientation angle, the material model must now be calculated backwards. To do this, the averaged
absolute orientation direction in the global coordinate system is determined for each cut-out
specimen using the injection molding simulation of the plate from which the specimens are
prepared. These directions are shown as arrows in Figure 8 and differ from each other. The angular
deviation from their respective cutting orientation yields the averaged fiber orientation angle. It
corresponds to the measured specimen stiffness. This is shown in Figure 8 for example for the
45°-specimen. The determined averaged angles can now be used for inter- and extrapolation of the
material card in the angle domain and thus in the FE-calculation.
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Figure 8. Conclusion from a cutting orientation to an averaged fiber orientation



The injection molding simulation is deliberately used to determine the average fiber orientation of
the test specimens, rather than the more precise information from a CT analysis. This is because
only a few small sections of the specimens can be examined in the p-CT and not their entirety,
which can lead to a significant error. In addition, all further calculations are carried out with the
same injection molding model that has already been calibrated with a CT analysis.

4. RESULTS

4.1 Experimentation

The tests are carried out with two different injection moldable materials. On the one hand, a
polyamide 6.6 with 50 weight-% short glass fibers (PA66-GF50) is used as a representative of the
thermoplastics, on the other hand, a phenolic resin with 55 weight-% short glass fibers (PF-GF55)
is used as a representative of the thermoset plastics in order to show a universal applicability of
the approach. Cuboid test specimens are prepared from injection molded plates. The thermoplastic
specimens are prepared in the directions 0°, 30°, 45°and 90° with the lengths 180 mm and 140 mm
as well as a width of 15 mm and a thickness of 2 mm from a 180x180x2 mm plate. The thermoset
samples are prepared in the directions 0°, 45° and 90° with the lengths of 170 mm and 130 mm as
well as a width of 15 mm and a thickness of 2 mm from a 171,5x171,5x2 mm plate. For each
orientation and length, three specimens are prepared, each of which is cut out at the identical
positions from the injection-molded plate. They are then at an end on an area of 5x15 mm attached
to a specimen-adapter with a two-component epoxy resin adhesive and cured. Afterwards, the real
geometry, i.e. the freely oscillating length as well as the thickness and the density, are measured
for each sample in order to determine the storage modulus free of geometric or material
fluctuations.

A Weiss-Technik ClimeEvent C/600/40/3 climatic test chamber and a Polytec PSV-500-3D-Xtra
scanning laser vibrometer are used for the experiments. The samples are now dried or wet
conditioned for the respective test according to the material manufacturer's specifications and left
in a constant climatic environment for some time before the tests. Temperature and humidity
investigated range between 0 °C and 130 °C for 0 %RH (relative humidity) and between 0 °C and
50 °C for 50 %RH. Engine mounting brackets freely suspended in the climatic chamber are also
examined, which are conditioned and stored according to the same specifications. The Polytec
PSV Software is used for the analysis of the laser measurements, the calculation of the material
card is performed by a VBA-Script (Visual Basic for Applications).

For calibration and validation of the injection molding simulation, p-CT investigations are
performed on samples with the size 5x5x2 mm. They are taken from the injection molded plate so
that each specimen is covered by three different positions along its length.

4.2 Simulation

The injection molding simulation is performed with CADMOULD, the mapping with
CONVERSE. Hereby up to ten different fiber orientation layers over the thickness of the examined
object can be transferred to a structure simulation mesh. The meshing is carried out for the test
specimens with ABAQUS and for the engine mounting brackets with SIMLAB. The simulation is
performed as a direct-solution steady state dynamic analysis with a UMAT programmed in
FORTRAN. The UMAT reads in the material card and the 2nd order orientation tensor, sorts them



and stores them for the simulation. In the material card, the data set for storage and loss modulus
closest to the calculated frequency step is then searched for and the required data is interpolated
for each element from the angular distribution to fill the complex stiffness matrix. Then the
eigenvectors for each element are passed to ABAQUS to rotate the matrix into the global
coordinate system.

The specimen is meshed with the easily stretchable C3D20 elements, see Figure 9. This is because
it is very important to use all ten fiber orientation layers, in order to correctly reproduce the
stiffness of the overall composite without causing too much computing time. The engine mounting
bracket is meshed with Tet elements, because the geometry is much more complex and thus a
sufficient number of layers can be transferred from the injection molding simulation.

Figure 9. FE-mesh of the test specimen

Excitation and mounting conditions of the test specimen are modelled according to the test setup.
Its movement is blocked at one end on an area of 5x15 mm in all spatial directions except in the
thickness direction, where it is excited for all frequencies with constant acceleration of 1 mm/s.
The FREF is calculated in a comparable way by evaluating the acceleration at the same point on the
specimen as in the experiment and normalizing it with the excitation force. Furthermore,
linear-viscoelastic material behavior, a constant fiber orientation in each element, constant material
properties across a FE-element for all integration points and equal treatment of thermoplastic and
thermoset are assumed. Additionally, the orthotropic shear modulus in Figure 4 can be calculated
as an approximate function of Young's modulus and Poisson's ratio. Due to the limited availability
of data and the little influence on the results, the Poisson’s ratio is assumed directional but
frequency independent and taken from a material database.

4.3 Results

First, the comparison of pu-CT and injection molding simulation takes place. Figure 10 shows the
orientation tensor over the normalized thickness of the specimen at an exemplary location near the
sprue. The solid line is taken from the CT measurement. Green represents the inflow, blue the
crossflow and yellow the thickness direction. The crosses show the positions across the thickness
at which data from the injection molding simulation is extracted, in total at a maximum of 10
possible locations.

The thermoplastic shows a narrow middle layer with a rapidly shifting orientation towards this
area. Over the remaining thickness, the orientation is somewhat constant. The line from the CT



examination is approximated very well, but the exact mid-layer cannot be analyzed due to the
algorithm of the injection molding simulation. The thermoset, on the other hand, drops
continuously towards the middle and therefore does not have a clearly shaped middle layer but
rather a continuous transition of the orientation distribution. The CT measurement is approximated
well by the injection molding simulation inflow, crossflow is slightly overestimated and the
thickness direction is slightly underestimated.

PA66-GF50 PF-GF55

orientation tensor [-]
&

orientation tensor [-]

e )

normalized thickness [-] normalized thickness [-]

Figure 10. Results of the measured and simulated orientation tensor (green/blue/yellow line:
inflow/crossflow/thickness direction from the pu-CT analysis, crosses with lines: corresponding
data from the injection molding simulation)

In the following, the comparison between experiment and simulation of the test specimens used to
create the material card is carried out. Figure 11 shows the thermoplastic PA66-GF50. The
comparison illustrates the double logarithmic FRF exemplary for 23 °C and 0 %RH for the
orientations 0°, 45° and 90° and a specimen length of 140 mm, in red the simulation and in blue
the experiment. Both the resonance frequency positions and the amplitude peaks match very good
at almost all resonances. Deviations in the amplitude can result from superposition of other modes
of vibration in the experiment. The comparison shows that the maximum deviation of the
resonance frequencies is <3 % and the amplitude peak <10 % for the 0°-specimen. The other
orientations show an even better agreement.
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Figure 11. Results experiment/simulation of thermoplastic PA66-GF50



The comparison of the thermoset material is analogous to the thermoplastic but with a 170 mm
specimen and shown in Figure 12. Resonance frequency positions and amplitude peaks fit very
well. Like with the thermoplastic the 45° sample has a good accuracy. The largest deviation of the
resonance frequencies is <4 % and the amplitude peak is <15 % for the 90°-specimen.
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Figure 12. Results experiment/simulation of thermoset PF-GF55

Finally, an engine mounting bracket made out of PA66-GF50 is simulated. This component is
quite complex and comprehensive in terms of geometry and fiber distribution. Particular difficulty
is due to the correct mounting in the experiment and the modelling in the simulation. The results
in Figure 13 are very significant. The deviation of the resonance frequencies from simulation to

experiment is <3 %.
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Figure 13. Results experiment/simulation of an engine mounting bracket made of PA66-GF50



5. CONCLUSIONS

A novel approach for vibration calculation of SFRP was presented. It was shown that macroscopic
composite data can be used to model the linear-viscoelastic material behavior. The results show a
good agreement with the experiment without mathematical approximation solutions or iterative
reverse engineering approaches.

It should be noted that the results of the test specimens do not necessarily have to agree, as they
serve as a basis for the material card. Rather, it was shown that the approach succeeds in creating
the angle-dependent function of the storage and loss modulus and reassembling it again to create
an overall composite of different orientation distributions and thus direction-dependent stiffness.
Especially the orientation of 45° is to be emphasized, since the shear modulus and its approximate
solution is particularly influential here and the results have shown a good agreement. Furthermore,
a 2nd order orientation tensor was sufficient for this approach, as well as the maximum of 10 layers
from the injection molding simulation to correctly reproduce the overall composite of the material.
Finally, it was shown that the approach works well not only for thermoplastics but also for
thermosets. The latter had been difficult to model so far, because the material had to be understood
on a microscopic level. By means of the new approach, this is no longer necessary.

The disadvantage, however, was that the effort required to create the material card as well as the
resource consumption of the simulation is relatively high. Since the material card can be used
universally, the method is suitable for areas where the same material is used for different
components.
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