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Abstract

Injection molded (IM) parts show local anisotropic behavior. If results of IM simulations are given,
mapping of local fiber orientations/weld lines can be introduced. Request: The material model can
approximate the material in an early stage of development without process data as a homogenized
isotropic material and later in a more detailed stage by using process simulation results with local
properties in the part.

It will be shown that this is possible with the material model MF GenYIld+CrachFEM in combination with
pre-processing in ANSA and IM results from 3D Moldflow® simulation. This information is mapped with
the ANSA mapping tool onto the corresponding mesh for crash simulation. Because of the different
meshes in Moldflow® and ANSYS® LS-DYNA®, settings for the mapping and careful handling of the
generated weld lines are of high relevance.

1 Motivation and Framework

In today's vehicles, the number of components made of plastic is increasing in both structural and
functional components that are relevant for meeting crash requirements. The size of vehicles is also
growing, leading to ever larger and more complex injection molded components. In order to be able to
manufacture these efficiently, the demands on injection molding processes and tools are increasing and
the integrative design of the production process and crash protection are becoming more and more
important. In parallel, the possibilities in process simulation as well as in FE crash simulation are
expanding and the development of the digital twin is progressing. This means that more design steps
and validations can be carried out with the help of digital tools.
In the frame of this article, the procedure for the transmission of the relevant results from the injection
molding simulation to the FE crash simulation for the following program environments is shown:
Moldflow® for process simulation with 3D mesh (tetrahedrons)
ANSA as a pre-processor for the preparation of the input decks for ANSYS® LS-DYNA®
ANSYS® LS-DYNA® for FE crash simulation with 2D shell mesh
User material model MF GenYld+CrachFEM coupled with ANSYS® LS-DYNA® for the
description of the material properties
This process chain was developed together with our development partners BETA CAE Systems SA
(now part of Cadence Design Systems, Inc.), MATFEM Ingenieurgesellschaft mbH, ARRK Engineering
GmbH and PEG - Plastics Engineering Group GmbH and has now been successfully implemented at
the BMW Group AG in series development for selected components.

2 Process Overview

The process chain consists of the process simulation in Moldflow® - usually carried out by our suppliers,
the mapping of the relevant information from the process simulation to the FE component in the crash
simulation with the help of the pre-processor ANSA using the tools “Results Mapper”, “Weld Lines” and
“Results to CrachFEM” as well as the explicit solver ANSYS® LS-DYNA® in extension with the user
material model MF GenYld+CrachFEM, see Fig. 1. Animator is preferred for post-processing and META
is used in special cases.
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Fig.1: Process chain.

Compared to conventional modeling of injection molded components with homogeneous isotropic
material properties, this more complex procedure is only used at BMW for selected components. The
focus is primarily on structural components with high crash requirements, such as the air flap control
system [1] and specific frames with high structural functionality.

The information from the process simulation that is currently deemed as relevant for mapping are the
weld lines for unreinforced, filled and short and long fiber-reinforced injection molded components and
in addition, the local orientation of the fibers for short and long fiber-reinforced components. This usually
results in two to three files that must be provided as input for the mapping in ANSA, see left hand side
in Fig. 1.

For mapping in ANSA, the tetrahedron mesh from the process simulation and midsurface FE shell mesh
for crash simulation must first be positioned relative to one another. Then the weld lines and, if
necessary, the fiber orientations are mapped to the elements and corresponding integration points. All
mapped information is summarized under the keyword *INITIAL STRESS_SHELL, considering the
specific history variable setup of MF GenYIld+CrachFEM for the unreinforced or short and long fiber
reinforced polymer materials, Fig. 1 right hand side.

The information for *INITIAL STRESS_ SHELL is exported to a separate *.key file for the respective
component. By including this additional ASCII-file containing the mapping information, flexible and easy
control of the accuracy of the material modeling in the crash simulation is enabled. This means that an
MF GenYld+CrachFEM material card can already be used to simulate in early development phases in
which no information from the process simulation is available, as it automatically detects whether
mapping information is available or not during initialization. If mapping information is missing, the
material model internally turns on isotropic material behavior and thus reflects a less detailed material
behavior.

During the development process, the information from the mapping can be added to the model without
changing the material card and thus retaining same material ID (MID). If the mapping is recognized for
a component, each integration point is initialized with the information from the process simulation and
this information is then processed via MF GenYId+CrachFEM for a more detailed reflection of the local
material properties.

The results of the mapping as well as of the entire simulation can be visualized via the postprocessors
Animator or META.

3 Influence of the Process on the Material Properties

A closer look at the design of injection molded components shows that it is generally a well-coordinated
chain with many individual steps and boundary conditions. High quality injection molded components
can only be achieved if the material, injection molding process and geometry of the component are
tailored to the application [2] - and above all to the loads and boundary conditions, Fig. 2.
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Fig.2: Interaction of process, material and geometry, taking into account the component loads.

Based on the component requirements, a material is determined that is suitable for the injection molding
process. The component geometry and material selection require compliance with certain areas of the
process parameters in order to be able to produce a defect-free component. The interaction of process
control with the associated process parameters, the material with its rheological and thermal properties
and the framework conditions created by the geometry influence the formation of the local microstructure
in the material [2-6]. This microstructure in turn, together with the stress states caused by the outer loads
in the component, determines the behavior of the material.

A simple example of an injection-molded tension bar can be used to show the differences that can result
from the positioning of sprue points with regard to the microstructure, especially in the case of short or
long fiber-reinforced materials, see Fig. 3.
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Fig.3: Influence of the sprue position of a tension rod on fiber orientation and position of the weld line.

Using a one-gate run for injection of the tensile bar (Fig 3 left), no weld line is formed and in the middle
area there is a high orientation of the fibers in the longitudinal direction of the tension bar. If the
mechanical properties of the bar are determined under unidirectional load in the longitudinal direction,
e. g. according to DIN EN ISO 527-1/2, the result shows comparatively high stiffness and strength with
low elongation at yield and at break compared to measurements with fiber orientations transverse to the
direction of load.

If the tensile bar is manufactured with the same test specimen geometry with two sprues, a weld line
forms in the middle area, which leads to a significantly lower fiber orientation in the middle area
compared to the tensile bar with one sprue. A comparable unidirectional test of this tensile bar will show
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a significantly lower strength with even less ductility, depending on the choice of process parameters,
compare Fig. 4 on the left.

. . . . .
uniaxial tension 3-point bending
5000
Experiment Experiment
*  Replicate #1 oor -, Replicate #1
. Replicate #2 . Replicate #2
4000 Replicate #3 600 Replicate #3
Replicate w4 Replicate #4
500
=z 3000 z
= c
= = 400
¢ 8
£ 2000 £ 300
simulation 200 simulation
1000 == hase material —— base material
= hase material & fiber re-orientation 100 o iy == hase material & fiber re-orientation
—— WL & HV16 0pt25 = H"'“‘*-\....\ = WL & HV16 Opt25
0 0 ol T 1 i §
0.0 0.2 0.4 0.6 0.8 1.0 12 14 0.0 0.5 1.0 15 2.0 25
Displacement in mm Displacement in mm

Fig.4: Comparison of mechanical properties under tension and bending load with/without weld line.
green: material properties with fiber orientation Fig. 3 left; blue: material properties with fiber
orientation Fig. 3 right but without scaling for weld line; red: material properties with fiber
orientation Fig. 3 right and with scaling for weld line.

Now the middle section of the tension bar can also be subjected to a 3-point bending test in accordance
with DIN EN ISO 178 - this corresponds to a changed stress state. A comparison of the two tension bars
regarding their bending behavior shows a striking difference in the bending strength and the achievable
deflection, see Fig. 4 on the right.
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Fig.5: Result of a process simulation for the fiber orientation in a plate with a thickness of 4 mm.
Possible layers for integration points across the thickness of shell elements are also shown.

In addition to weld lines with its different characteristics, the skin-core effect develops depending on the
material, the local flow conditions and the local existing wall thickness. This refers to the different
orientation between the surface layers and the middle layer. A good process simulation (Fig. 5) depicts
this effect, and it can be considered in the mapping.

As the simple example shows, very different local microstructures can be present, which, in interaction
with outer loads and the resulting local stress states, lead to very different material behavior.

The target of the design is the clever combination of microstructures that form through the considered
positioning of sprue points, geometric progressions and process parameters, for the most robust
behavior possible with regard to the loads that occur and functional requirements.

4 Mapping Challenges and Details

Successful mapping requires that the process simulation with
- the corresponding geometry to the FE component in the crash simulation with
a mesh (3D tetrahedron) that is sufficiently accurate for the geometry,
the appropriate material model and parameters for the rheological and thermal behavior and
a sufficiently accurately modeled gating system
and the correct process parameters
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is carried out in Moldflow®. Our experience shows that mapping only makes sense once the sprue points,
the material and a rough process setup have been defined, and the first iterations deliver an error-free
injection molding process.

As artifacts often occur in Moldflow® when determining the weld lines, i. e. weld lines are shown that do
not actually exist, an additional macro was programmed for Moldflow® that brings together several
sources of information within Moldflow® - e. g. the "Weld Lines" with the "Weld surface formation" and
performs plausibility checks. This allows many artifacts to be eliminated and supports faster and higher

quality mapping of the weld lines in ANSA, see Fig. 6.

Fig.6: Comparison of mapping behavior without and with “real weld line macro” in Moldflow® shown in
ANSA with semitransparent tetrahedron mesh of the process simulation together with the shell
mesh (red) for crash simulation.

The results now available from the process simulation are prepared and exported for the ANSYS® LS-
DYNA® input deck with the help of individual tools in the ANSA preprocessor (Fig. 7). Typically, the
transformation matrix (Fig. 8 below) is generated with "Map Results" (2), the weld lines are mapped with
the "Weld line mapping Tool" (3) and the fiber orientations are mapped with "Results to CrachFEM" (4)
and, if necessary, visualized and exported as an input deck. To check the mapping, additional files can
be exported for visualization in META (4, bottom).
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Fig.7: ANSA mapping tools.
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The first step in mapping is positioning the two different FE meshes relative to one another, see Fig. 8.
It is important to remember that shrinkage and distortion must be considered, especially for large
components. ANSA offers automatic positioning and scaling, Fig. 7 (2-4), which can be readjusted
manually if necessary. It is always advisable to check the positioning visually or automatically at relevant
points. The result is stored in a so-called “results mapper” and can be reused.
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Fig.8: Steps in mapping and their challenges.

Depending on the mesh size in relation to the geometric details, unavoidable deviations may occur in
different areas, compare Fig. 6. The mapping algorithm must deliver robust results for these deviations.
In addition, due to tight schedules, there may be - usually small - differences between the geometry for
the injection molding simulation and the geometry for the crash simulation. These deviations must
provide reproducible results during mapping, i. e. no initialization values should be generated that lead
to a deviation from the isotropic material state.

Further deviations can occur with wall thicknesses in the area of the mold parting surface. If this plane
is relevant with regard to bending loads, the actual wall thickness must be carefully checked, Fig 8 left.

As soon as the positioning is complete, the weld lines, Fig. 7 (3), can be mapped in the second step. To
do this, the *.udm file and the *.xml file with the weld line information are read in and, with the help of
the "results mapper" already created, a node set is generated correctly positioned in relation to the shell
geometry. This node set can be visualized in ANSA GUI and manually manipulated. In the following
step the nodes are clustered and approximated using spline functions. In the spline set, it is possible to
use either all splines or a subset for the consecutive projection onto the mid-surface shell mesh. All
elements of the shell mesh onto which a node has been projected are summarized in a set named “Weld
Lines Shell Elements”. This set can also be visualized for checking purposes, see Fig. 6 and Fig. 8 on
the right. If artifacts in the Moldflow® simulation result in broad weld lines, it is advisable to reduce these
to a realistic width by deleting individual elements so that any strain localizations that may occur later
under load are not overlooked accidently. The influence of weld lines on mechanical properties is shown
in Fig. 4.

For fiber-reinforced materials, the third step involves mapping the fiber orientations, Fig. 7 (4) and Fig. 8
bottom right, using the *.udm file and the *.xml file with the fiber orientation information from the "Fiber
orientation tensor" from Moldflow®. To do this, the mapping algorithm must correctly determine and
average the tensors for the fiber orientations regarding the integration points of the shell mesh. The
position of the integration points of the source mesh and the target mesh is essential for this. Additional
information about the integration points is therefore required, e. g. by selecting the integration rule, see
Fig. 5 and Fig. 7 (4). Wall thickness and the number of integration points over the thickness can - as
shown in Fig. 5 - strongly influence the averaged tensor. As can be seen in Fig. 9, even slight deviations
in the thickness direction can lead to very different mechanical properties.
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Fig.9: Change in mechanical properties due to deviations in mapped fiber orientations shown in ANSA.

After successful mapping, the result is generated for the keyword *INITIAL STRESS SHELL by
ANSA, considering the use of the user material model MF GenYld+CrachFEM. The content for each
individual component is exported to a separate *.key file for further use in ANSYS® LS-DYNA® crash
simulations. This makes it easy to create input decks for simulations both with and without mapping.

The use of MF GenYld+CrachFEM defines the data in *INITIAL STRESS_SHELL. Fig. 10 shows an
excerpt of the assignment for an integration point with 97 history variables. For each element, in relation
to the material coordinate system and the respective integration point, which is defined by the
normalized wall thickness, the information

- about the material sub model to be used (-777),

- the averaged orientation tensor,

- the weld line, if present, and

- the position of the main direction of the tensor
is transferred for initialization.

*KEYWORD
*INITIAL STRESS SHELL number of integration points over shell thickness
TN, YOy JUNSN YOSIY DUV, TOruvey Junson Py [ Y Py Y Prr, Ty . S—"
element number B73 1 97 0 0
standardized position 0. 0. 0. 0. 0. 0. 0.
over wall thickness 0.25288162 0.70457680.04254203-.11908263.001401469-.00196452]) 1.
0. 0. entries of fiber orientation tensor 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0.
(Z24024723) material coordinate system
material coordinate system main fiber orientation: cos(¢)

main fiber orientation: —sin(¢)

Fig.10: Dedicated data format in *INITIAL STRESS SHELL for MF GenYld+CrachFEM material
model with the information from the process simulation for the initialization of the FE component
in the crash simulation.

Due to the high complexity and amount of information, good visualization concepts are required to check
the mapped results. In the case of weld lines, particular attention is paid to the width and the start and
end areas. In the case of fiber orientations, the correct orientation at high degrees of orientation and the
course across the wall thickness must be checked in particular. From version V25.1 onwards ANSA now
offers good visualization options for early checks, like

- lines representing the fibers per element per integration point, e. g. Fig. 9 and Fig. 11 left

- color range of the degree of anisotropy for each of the above lines, Fig. 11 left

- ANSA XML result file that can be post-processed in META, Fig. 11 right

- draw elements per tensor values, Fig. 11 middle
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Fig.11: Visualization methods in ANSA for checking mapped fiber orientations.

In addition, after initialization with the solver ANSYS® LS-DYNA® post processes like Animator or META
can be used for checking the mapped information on the component.

5 Material modeling of short fiber reinforced thermoplastics (SFRT)

The integration of process chain results in crash simulation imposes high demands on material model
and mapping process. The material model plays a central role as it must be able to consider the local
influence of process parameters onto mechanical material characteristics including viscoelastic, visco-
plastic and strain rate dependent failure behavior. In case of short and long fiber reinforced polymers
the material properties can additionally vary between highly anisotropic and isotropic states.
Furthermore, material properties can vary significantly with in the crash relevant temperature range.

The phenomenological material model MF GenYld+CrachFEM has been developed to correctly
consider different types of process chains which occur in a full vehicle crash simulation today [2, 7].
Within this study the crash simulation of injection molded parts using the user material model
MF GenYIld+CrachFEM in combination with explicit solver ANSYS® LS-DYNA® and a mapping by
software ANSA will be shown (Fig. 12).
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Fig.12: Integration of process chain results in crash simulation by using the user material model
MF GenYld+CrachFEM in combination with ANSYS® LS-DYNA®.

The modular material model approach allows the application for a large variety of different materials. In
the specific case of a short or long fiber reinforced polymer a subset of modules is used for the material
representation (Fig. 12).
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Fig.13: Material modeling of short or long fiber reinforced polymers using a subset of modules of
MF GenYld+CrachFEM.

The material characterization is based on suitable testing campaign. Material and model parameters
are identified in a systematic way at room temperature. This experimental design can be reduced
appropriately for low and high temperatures in a range relevant for crash load cases [8].

The material model is used within the 3 different areas, characterization, visualization and simulation as
displayed in Fig. 14. Based on a comprehensive material testing plan at different test speeds, and a
specific temperature, material parameters are identified for a defined degree of fiber orientation.

During the process of material parameter determination, the modules of the material model are used for
the fitting of material parameters. Visualization of the material properties in MF View, which uses the
material model for the visualization, makes even complex material cards easily accessible and user
friendly. The visualization in MF View not only allows to compare different material cards to one another
but also facilitates plausibility checks of simulation results.

I
Characterization Visualization Simulation

i

)

common base MF GenYld + CrachFEM

Fig.14: Material model MF GenYld+CrachFEM as a common base for material characterization,
visualization and simulation.

Based on this material card the material model is hence capable of covering the visco-elasticity, visco-
plasticity and fracture and their dependencies on strain-rate, fiber orientation and degree of anisotropy.
The degree of anisotropy is a statistical measure for the fiber orientation state and allows to distinguish
between high orientation and quasi random distribution fiber state. This is a crucial feature because
locally the material properties within a part may vary greatly. [1]
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Furthermore, the material model contains a stress-state dependent hardening model which allows to
distinguish between different types of loadings (tension, compression, biaxial tension and shear
loading). This comprehensive material card for a PP-LGF30 material for MF GenYId+CrachFEM can
interpolate between isotropic and orthotropic material state based on the mapping information. Fig. 15
summarizes the visualization of visco-elasticity, yield locus and 3D fracture model for two different
orientation states — isotropic and orthotropic.

Per default, isotropic material properties are assumed. This is a helpful feature when no mapping
information is available e. g. in an early design stage or when no process simulation is available for a
minor change in the design, e. g. the re-positioning of a rib or a flap. Figure 6 displays the corresponding
visco-elasticity, yield locus and fracture orthotropy for an isotropic and orthotropic material state.
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Fig.15: Schematic representation of two extreme material states for isotropic and orthotropic material
states as bases for continuous interpolation in MF GenYld+CrachFEM.

Fig. 16 and Fig. 17 summarize the simulation results with the material card for multiple local strain rates
and fiber orientation across uniaxial tensile test, puncture test, 3-point bending and compression test.
The overall objective is to find a global optimum across all tests considered in the material
characterization rather than a perfect fit for a single test as e. g. the uniaxial tension. This validation
simulation on coupon level constitutes the last step of material characterization. To move further on
component level the process history of the injection molding (IM) process containing is an essential
prerequisite to obtain simulation results of similar quality.
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Fig.16: Comparison of force-displacement curves between experiment and simulation for uniaxial
tension, puncture tests, three-point bending and compression tests — isotropic without mapping.
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Fig.17: Comparison of force-displacement curves between experiment and simulation for uniaxial
tension, puncture tests, three-point bending and compression tests — orthotropic with mapping.

The mapping file from ANSA is used to account for the history of the injection molding (IM) process
simulated from an incremental third-party software for injection molding simulation. This file contains
local information of the fiber orientation, degree of anisotropy and possible occurrences of weld lines as
displayed in Fig. 18. The mapping is done individually for every integration point for e. g. shell elements
covering the local microstructure of the fibers, such as e. g. the skin-core effect. For a correct modeling
of weld lines material specific modification factors are calibrated experimentally and used locally to
influence the material properties of the integration points in the vicinity of a weld line [3, 8]. Benefits and
good simulation results of this powerful approach to include the markedness of the local microstructure
of tiny fibers and to link them to macroscopic material parameters on big, geometrical complex
components with industry requirements on computational time and discretization have already been
published in [1] and [8].

Fig.18: Mapped fiber orientation on the left and weld lines on the right on component level of rib absorber
mapped with ANSA V25.1.

6 Results on part level

Using a simple component, which is used in the field of the headliner, the influencing factors in modeling
are compared with the influences in the choice of the material model and the quality of the material
information. To exclude factors that are not directly related to the component as far as possible, a
component test was chosen. The following factors were investigated:

1. modeling of the clamping

2. influence of the geometry accuracy

3. choice of material model and corresponding material parameters
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In the experiment the rib absorber as displayed on the right side in Fig. 1, Fig. 18 and right side of Fig. 19
was clamped on the left side and loaded with round bar of r = 20.0 mm at multiple loading velocities.

6.1 Modeling of the clamping

In the belief that the clamping has only a minor influence compared to the other factors, a simple
modeling was started with a rigid body and a fixed node connection “Clamp old”. However, a comparison
between simulation and tests very soon showed that if a better material model is used and the process
information is taken into account, the modeling of the clamping must also be improved. Therefore, the
clamping fixture used in the experiment was modeled, see Fig. 19 “Clamp rev”.
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Fig.19: Modeling quality of clamping and its sensitivity.

A comparison of the measured force-displacement-curve during the test with the simulated force-
displacement-curve using the real wall thickness and the material model MF GenYIld+CrachFEM with
the weld line and fiber orientation mapping shows the different bending stiffnesses and deformation
paths at failure due to the modeling differences in the clamping.

The improved modeling of the revised clamping “Clamp rev”’ shows lower stiffness and later onset of
failure, and the change of stiffness is comparable to the change of stiffness caused by the switch of the
material model vonMises isotropic to CrachFEM isotropic, Fig. 21.

6.2 Accuracy of the geometry

Due to further deviations between the hardware tests and simulation, especially in the area of higher
loads, the real geometry was measured using an ATOS 3D scanner — named as “GOM” — and the
resulting point cloud was compared with the nominal computer-aided design geometry, see Fig. 20 right.
This showed that the base wall thickness of the component in the mold parting surface deviated by more
than 7%.

In the simulation, the different wall thicknesses were compared with the material model
*MAT PIECEWISE LINEAR PLASTICITY, i.e. the standard material model of ANSYS® LS-DYNA®
using the improved clamping modeling.
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Fig.20: Accuracy of the geometry and its sensitivity.

The corrected wall thickness changes the stiffness comparable to the switch of the material model from
vonMises isotropic to CrachFEM isotropic, see Fig. 21.
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6.3 Material model and material card

The material models and parameterizations discussed in section 5 are compared with the help of the
simulation model with improved clamping and corrected base wall thickness. This comparison shows
that the consideration of the tension-compression asymmetry in the CrachFEM isotropic material model
(Fig. 21, blue line) for the bending load present here already leads to a significant improvement of the
material behavior. A further improvement - albeit only a slight one in this case - can be achieved by
taking the process information into account with CrachFEM interpolating orthotropic material model
(Fig. 21, green line).
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Fig.21: Changes due to the material model and parameterization quality.

The application of the different quality levels of the material cards to other components under various
support and load conditions shows that the differences between CrachFEM isotropic and CrachFEM
anisotropic can be significantly higher. As a result, it is necessary to consider from application to
application which quality level makes sense - especially in connection with the remaining modeling
quality.

7 Summary and Outlook

The mapping process with ANSA is successfully used for serial development at BMW for unreinforced
as well as discontinuous fiber reinforced plastics. Important advantages are the modularity of
MF GenYld+CrachFEM, the parametrization based on a physical framework and the usage in different
stages of the development with one material card.

As shown at coupon and part level, the quality of process simulation, the mapping process itself, material
model selection and material card implementation as well as the modeling of boundary conditions are
equally important for good prognosis quality in crash simulation.

Visual checks and inspections are integrated at relevant points in the test module to ensure consistent
quality. The meaningful visualization of process information, automated checks of individual modules,
such as material cards and the results from the injection molding simulation, increase the user
friendliness and have proven their worth.

For a successful roll-out and acceptance of the method, a precise description of the interfaces between
the programs as well as reliable and stable support from our development partners are essential.

Due to the successful implementation for the inclusion of manufacturing process information for injection
molded components, work is underway to extend this method to other industrial processes such as
foaming and filling with bead foams, coatings, aluminum die casting as well as various sheet metal
forming and sheet metal heat treatment processes.
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