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Abstract

Fiber reinforced composites are good alternatives for metals used in load transmission structures. The increasing requirement for
high performance and weight reduction in industry has gradually expanded the use of composites. Finite element analysis as an
alternative approach to experimental study is effective in designing fiber reinforced composite products because there are many
design parameters. Process/process-chain simulations are especially important because the performance of the final composite part
strongly depends on changes in fiber orientation during the process. In this context, we are developing the J-Composites series. A
series of new software tools to help our LS-DYNA® users easily conduct process/process-chain simulations of fiber reinforced
composites.

This paper introduces the first software tool, which is called J-Composites/Form Modeler. This tool is for creating FE models for
continuous fiber reinforced composite forming simulation. Users can create models that, when used with LS-DYNA, will accurately
predict the macroscopic forming behavior of laminate plies made of dry fabric and thermoplastic/thermoset pre-pregs. Through
simulation, this tool can help the user detect forming defects like wrinkling, fiber bridging and rupture, which leads to reduced
development time and cost. We will introduce the key features of Form Modeler, such as easy build-up of material models with
automatic parameter identification based on material testing results, efficient setup of laminate modeling with the easy-to-use Ul, and
the mapping of forming information to crash simulation models. In addition, a case study of thermoplastic pre-preg forming with
LS-DYNA will be shown. Finally, our development plans for Form Modeler Ver. 2.0 and other tools as part of the J-Composites series
will be introduced.

1. Introduction

The increasing requirement for crash safety with weight reduction in the automotive industry has gradually
expanded the use of carbon fiber reinforced plastic (CFRP). One of the reasons for the expansion is that the
development of various manufacturing processes has reduced the cycle time needed in order to be applied to the
mass production of car. Finite element (FE) simulation is effective in optimizing process conditions, and
minimizing lead times and design costs.

When the length of reinforced fiber is short, the fiber reinforced composites are produced by injection molding.
Three-dimensional and complicated components can be easily molded, while local fiber orientation caused by
the injection molding process results in strong anisotropy in the material properties of the component. It is
known that the process has a large influence on the evaluation of product performance. By linking LS-DYNA
with Moldex3D® (commercial injection molding simulation software) [1] and Digimat® (material characteristic
prediction software) [2], it is possible to predict product performance that considers the effects of the injection
molding process. Moldex3D can predict fiber behavior, such as the fiber orientation that gets generated during
the process. Also, Digimat can predict the local nonlinear material properties.

Since the reinforcing effect is small in injection molding using short fibers, product development by
compression molding, which reinforces with fibers several tens of mm in length, has been actively carried out
recently. In the literature [3], it was reported that it is generally challenging for commercial injection molding
software, such as Moldex3D, to predict material behavior correctly during the compression molding process.
Also, with one-way material flow and the fiber orientation coupling scheme, it is very difficult for Moldex3D to
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handle cases with high fiber volume contents and long reinforcing fibers. The reason is an anisotropic flow can
also occur due to the interaction between fibers. To overcome these problems, a new simulation technology for
compression molding of long fiber reinforced plastics was implemented and has been enhanced in LS-DYNA
[4]. The main features of this new technology are fibers modelled by beam elements and matrices modelled by
tetrahedron solid elements with an r-adaptive remeshing function based on an Element-Free-Galerkin (EFG)
formulation. Relative motion of beams in the solid elements is simulated by coupling momentum along the
normal direction of each beam element. This coupling method transfers load from beam to solid and viceversa,
a so-called strong coupling interaction. Solid elements for the matrix are adequately remeshed with an r-
adaptive function which enables large deformations and can generate complex shapes.

In order to make the most of the excellent mechanical properties of the fiber, reinforcing by continuous fiber is
most effective. This fact led to manufacturing processes such as resin transfer molding (RTM) and resin pre-
impregnated sheet forming being developed. The dominant deformation modes of dry fabric and
thermoplastic/thermoset pre-preg materials during the forming process are in-plane shear and out-of-plane
bending due to high deformability. In particular, bending behavior affects the onset and formation of wrinkles,
which is one of the major forming defects. Therefore accurate description of bending behavior is an important
aspect in the accurate prediction of wrinkles. To simulate bending behavior accurately, some FE models
proposed in recent studies capture bending stiffness as a bending virtual work separately from in-plane
deformation [5, 6]. The shell-membrane model proposed in the author’s previous study also deals with bending
stiffness as a function of the rotation of the mid-surface [7, 8]. Furthermore, the influence of transverse shear
deformation upon bending behavior, especially small wrinkling, was numerically examined [9].
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Figure 1: Overview of composite process and process-chain simulations with J-Composites.

Because LS-DYNA can take into account large deformation and multi-physics, etc., it is possible to accurately
simulate complicated behavior of composite materials during the manufacturing process, as mentioned above.

June 10-12, 2018 2



15" International LS-DYNA® Users Conference Composites

However, it is difficult for users to easily apply to the design and development stage since it requires much
effort to understand the complicated modeling. In order to support the design and utilization of composite
manufacturing process and process chain simulations, JSOL has promoted the development of the J-Composites
[10] as a modeling tool series as shown in Figure 1, and released the series’ first tool, Form Modeler, for
continues fiber reinforced composite forming analysis.

In this paper, we will introduce the key features of Form Modeler, such as easy build-up of material models
with automatic parameter identification based on material testing results, efficient setup of laminate modeling
with the easy-to-use Ul, and the mapping of forming information to crash simulation models. In addition, a case
study of thermoplastic pre-preg forming with LS-DYNA will be shown. Finally, our development plans for
Form Modeler Ver. 2.0 and other tools as part of the J-Composites series will be introduced.

2. Introducing J-Composites/Form Modeler

J-Composites/Form Modeler is a tool for creating composite forming simulation models. There are three
modules, Material DB, Lay-up Modeler and Layup Mapper, so that users can easily create LS-DYNA models
that will accurately predict the behavior of dry fabric and thermoplastic/thermoset pre-preg sheets during
forming and conduct process-chain simulations.

2.1. Material DB

Using the Material DB, it is possible to automatically construct material models for forming simulation from
the measurement results of various material properties, such as tension and bending properties of dry fabric and
pre-pregs, registered in the database. A standard material database, containing several materials such as Toreca®
and TEPEX®, is also provided as show in Figure 2.

Ply
Name Thickness Density

C063438_[Toray] 0.230 8.61e-10 @ Show # Edit BV Copy X Delete Preview Keyword 2 Export Keyword
C063478_[Toray] 0.220 9.00e-10 @ Show /" Edit k¥ Copy X Delete Preview Keyword 2 Export Keyword
TEPEX_dynalite_102-RG600_ [Bond Laminates] 0.500 1.80e-9 & Show # Edit [ Copy % Delete Preview Keyword 2 Export Keyword
TEPEX_dynalite_202-C200_[Bond Laminates] 0.250 1.40e-9 & Show # Edit B Copy ® Delete Preview Keyword 2 Export Keyword

Figure 2: Standard material database on Form Modeler, such as Toreca® and TEPEX®.

Table 1: Supported material modelling types in Material DB.

Material modelling pattern Modelling technique I\JIIXPI'I?SSe OI\L;It,-B(\)'It-SSQe
1 MAT 034 MAT 002
2 Shell-membrane model MAT_034 MAT_249
3 MAT 249 MAT 002
4 MAT 249 MAT 249
5 Reissner-Mindlin MAT 249

shell model

You can choose from two material modelling types in Material DB. One is shell-membrane model which
assums that the out-of-plane moment is decoupled from the in-plane stress. The other is Reissner-Mindlin shell
model which can simulate transverse shear deformation. As shown in Table 1, the shell-membrane model
supports separate MAT types for the membrane elements and shell elements, and Reissner-Mindlin shell model
only supports MAT _249, so far. Supported MAT types may be added in the future.
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2.2. Lay-up Modeler

With the Lay-up Modeler, users can easily set up complex laminate patterns in one step, and export the model
as an LS-DYNA input file. In the Lay-up Modeler, a template model is used along with plies and contact
information to create a composite model for forming simulation.

There are two different laminate modelling types here. One is multiple PARTSs which can simulate the slippage
between the neighboring plies. The other is the single PART_COMPOSITE which is not able to consider the
slippage between plies, but the computational cost is much less than modelling with multiple PARTs. The
multiple PARTs type can mix shell-membrane models and Reissner-Mindlin shell models, but the single
PART_COMPOSITE type can only use Reissner-Mindlin shell models.

Laminate Modelling Type Vacuum Pressure

tinle PART

Ply Pattern Material Friction

Selection of laminate modelling type and set up complex laminate patterns in one step

Ply (5) Material Additional Angle Thickness (1.15) Friction

Contact Options

B T | C063438_[Toray] | o 0.230 Ply Options
Contact Options

2 C063438_[Toray] v| 90 0.230 Ply Options
0.2 Contact Options

C06343B_[Toray] Y0 0.230 Ply Options
0.2 Contact Options

4 = C06343B_[Toray] v| 90 0.230 Ply Options
Contact Options

N - C06343B_[Toray] v| 90 0.230 Ply Options

Contact Options

Multiple PARTSs: a *PART is created for each ply and *CONTACTS are created

Ply (5) Material Additional Angle Thickness (1.15) Friction

Contact Options

1 - 0.230 Ply Options
7 0.230 Fly Options
3 0.230 Ply Options
4 0.230 Ply Options

0.230 Ply Options

Contact Options

Single PART_COMPOSITE: a single shell is created and integration point délta is set for each ply
Figure 3: Laminate modeling and set-up laminate pattern.
2.3. Lay-up Mapper
By mapping fiber direction from a forming analysis result to its structural analysis mesh, it is possible to
evaluate and analyze structural and crash performance that takes into account local changes in fiber direction

that occur during forming. Using the Lay-up Mapper, it is possible to map fiber direction (beta) data from the
specified parts of a source model, usually a forming result (dynain) to the specified parts of a target model,
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usually a structural or crash simulation model. Table 2 shows the possible layer methods for the source model
and target model.

Table 2: Supported laminate modelling typse in Lay-up Mapper.

Laminate modelling type Description Source model  Target model
Layers made up of *PART and
Multiple PARTSs *ELEMENT _SHELL, different *PART v v
per layer
Layers made up of *PART_COMPOSITE
Single PART_COMPOSITE and *ELEMENT_SHELL or *PART and v v

*ELEMENT_SHELL_COMPOSITE
Layers made up of *PART and

Solid PARTSs *ELEMENT _SOLID, different *PART v
per layer

3. Case Study: Material Characterization of Thermoplastic Pre-preg

In this section, the identification processes for material parameters with J-Composites/Form Modeler will be
discussed. Tepex® dynalite 102-RG600, which consists of a polyamide 6 (PA6) thermoplastic matrix and twill
woven glass fiber fabric, was used in this study.

3.1.  Thermo-mechanical properties

Each mechanical parameter in each model was identified through a series of coupon tests at high temperatures,
uniaxial tension across yarn direction, bias-extension and 3-point bending across yarn direction and in 45°
direction. In uniaxial tension and bias-extension, the thermal conditions were realized with a special heating
unit and a hot air gun. With this configuration, testing without slipping could be realized because the specimens
were heated only at the center and not in the sections of the jaws, as shown in Figure 4 (left). 3-point bending
was conducted within a temperature chamber. The thermo-mechanical characterization was conducted at

Fraunhofer EMI in Germany.
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Figure 4: Setups for uniaxial tension and bias extension (left) and 3-point bendig (right) at high temperatures.

As mentioned in the last section, we can choose from two different material modelling techniques and three
MAT types in Form Modeler. This case study used the recommended shell-membrane model with MAT_249
both for in-plane and out-of-plane. The results of the coupon experiments were imported into Material DB to
automatically create the material model for composite forming simulation as shown in Figure 5
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Figure 5: Ul to import coupon experimental results in Form Modeler.
3.2.  Thermo-physical properties

The thermo-physical characterization was conducted at Fraunhofer IWM in Germany. In order to characterize
the thermo-physical properties of two types of thermoplastic pre-pregs, the following measurements were
performed:

+ Measurement of specific heat capacity, Cp(T), using DSC (Differential Scanning Calorimetry)

+  Measurement of linear thermal expansion coefficient using TMA (Thermo-mechanical Analysis /
Dilatometry) and temperature-dependent density change, p(T).

+ Measurement of thermal diffusivity, a(T), using LFA (Laser Flash Analysis), and heat conductivity,
A(T), determined by following equation:

A(T) = a(T) - Cp(T) - p(T) (1)

Composite materials were characterized by their anisotropic properties, thus a scheme was devised in order to
measure direction-dependent thermos-physical properties during sampling and specimen manufacturing. Firstly,
consolidated laminate sheets were produced by HTP (High Temperature and Pressure) process. Then a waterjet
was used to cut the sheets in in-plane and out-plane directions, to secure specimens for thickness and fiber
direction respectively, as shown in Figure 6.

Thermal expansion, for the reason that the material can expand freely in the thickness direction, while it is
restricted in fiber direction (due to the woven structure), the thermal expansion in fiber direction is much
smaller than in thickness direction as shown in Figure 7( left). Regarding heat conductivity, because of the poor
conductivity of glass fiber itself, it shows only a slight difference between thickness and fiber direction, as
shown in Figure 7 (right).
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Figure 6: Sampling and specimen manufacturing: thickness direction (left) and fiber direction (right).
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Figure 7: Coefficient of linear thermal expansion (left) and heat conductivity (right).
3.3. Inter-laminar friction

Inter-laminar friction characterization was conducted at Fraunhofer EMI in order to gain material data for
composite forming simulations. The Stribeck curve, which relates the friction coefficient to the Hersey number,
is composed by mean of the pull velocity, the velocity of the material and the normal pressure. It has been
described to model the intra-ply friction properties between pre-pregs [11-13]. To realize all necessary
requirements like tempering and the measurement of forces in the lower load range, the tests were performed
using a newly developed friction test setup which is illustrated in Figure 8 (left). From the measured force-time
and displacement-time relations, a global pull force-displacement curve, illustrated in Figure 8 (right), can be
calculated.

A peak value of the pull force within the first 3 mm of displacement and a steady state value at about 15 mm
displacement are characteristics of these kinds of friction tests.

The steady state friction coefficient u is calculated according to the following equation by taking a mean value
of the pull force Fp between 15 mm and 30 mm displacements:

E

. ()

H=m
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By taking viscosity n of PAG, pull velocity ve and normal pressure oy, a Stribeck curve can be generated,
which relates the steady state friction coefficient u to the Hersey number He. The Hersey number is calculated

according to the following equation:

_ T

He

Oy

Electromechanical actuator =2

=

L
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/
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Figure 8: Testfng facility (left) and representative force-displacement curve progression (right).

With respect to the generation of the Stribeck curves friction tests with varying pull velocities (0.1 / 1/ 10
mm/s), temperatures (230 / 250 °C) and normal pressures (0.01 / 0.1 MPa) were carried out. Based on the test
data, it is possible to analyze the dependencies on pull velocity, temperature, and normal pressure. The Stribeck
curve, illustrated in Figure 9, summarizes the steady state friction coefficients of all test conditions. The error
bars indicate the standard deviation of three test replications. The results of all different measurements do

reproduce very well and follow a clear global trend.
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Figure 9: Stribeck curve (left) and Ul to define the inter-laminar friction in Form Modeler (right).
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4. Case Study: Forming Simulation of Thermoplastic Pre-preg

Automotive B-pillar forming simulation for simple laminates with [(0/90)]s and [(45/-45)]4 lay-ups are by
using the identified parameters with J-Composites/Form Modeler. A schematic figure of the FE model is shown
in Figure 10. The laminate is modeled as multiple PARTS, in which each ply consists of a shell-membrane
model, and *CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_COMPOSITEs are created
to consider the slippage between the neighboring layers. The total number of elements to model the laminate
sums up to 322,500 over four plies. The die and punch are modeled as rigid bodies.

Punch

shell f

Ambrane/

shell

Blank with 4ply

Each ply consists of

shell-membrane model. Die

.7 - H

Figure 11: Comlparison of deformation of automotive B-pillar of [(0/90)]4 and [(45/-45)]4 lay-ups.

Before the non-isothermal forming simulation, an isothermal self-gravity simulation of the heated laminate at
250°C is performed by mechanical analysis. After the self-gravity simulation, the non-isothermal forming
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simulation is conducted by thermal-mechanical coupling analysis. The initial temperatures of the laminate and
tools in the non-isothermal forming simulation are set at 250°C and 25°C respectively. Figure 11 shows the
comparison of the deformation after forming of the automotive B-pillar of [(0/90)]4 and [(45/-45)]4 lay-ups.

5. Future Development Plan

JSOL is continuously developing J-Composites/Form Modeler. The next version of Form Modeler, Ver. 2.0, is
scheduled for summer 2018. The following developments are planned for the next version:
- Enhancements to the standard material database
- System to automatically create the model for thermal mechanical coupling simulation
- System to automatically create the model for one-step inverse forming simulation (Figure 12)
- Mapping from self-weight simulation to forming simulation
- Usability improvements to the Ul system
- New functionality according to customer requests
Furthermore JSOL is also planning to develop other tools to help LS-DYNA users easily conduct
process/process-chain simulation of composites. J-Composites/Fiber Mapper for the process-chain simulation
for short fiber composites will be released in spring 2018. Additionally, a tool for compression molding
simulation is planned to be released as part of the J-Composites series.

Input model Shear angle

1.350e+02
Input model 1.me+oz:l
' 1.170e+02 _|
1.080e+02 _
9,900e+01 _
0.000e+01
8.100e+01 :I
7.200e+01 _
6.300e+01
5.400e+01 :I
4.500e+01

element size: 1.5mm
Computing time: 8 sec.
by SMP LS-DYNA at 1 core

element size: 1.5mm
Computing time: 4 min. 15 sec.
by MPP LS-DYNA at 8 cores

-
Figure 12: Comparison of incremental (shell-membrane model) and one-step inverse (shell) simulations.

6. Summary

In this paper, the key features of J-Composites/Form Modeler were introduced. Through a case study of a
thermoplastic pre-preg, it was shown that J-Composites/Form Modeler was helpful to quickly generate the
model and conduct the reliable forming simulation of composite materials with LS-DYNA. Finally, our
development plans for Form Modeler Ver. 2.0 and other tools as part of the J-Composites series were
introduced.
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