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Abstract
Composites made of high performance textile materials are known for their overwhelming mechanical properties and compelling lightweight character. As load optimized design of the reinforcement structure is the key to prosperous lightweight composites, the attention is on the design of anisotropic and inhomogeneous reinforcements, which is both challenging and promising. Nevertheless, the development of complex textile preforms, as well as the realization of the preforming process, is currently cost and time intensive. Since the modern lightweight industry is heading towards full automatization and absolute flexibility, the motivation for a simulative prediction of composite properties is on the agenda. The overall digitalization of design, development and fabrication holds great possibilities for the composite market. Therefore, a completely virtual development chain for fiber reinforced composites is introduced in this paper. A method for modelling composite reinforcements on a micro-scale level in function of the manufacturing parameters is established. The introduced micro-scale models are able to predict both, the dry textiles mechanical properties and the mechanical properties of the composite materials. With this approach, virtual drape simulations for the optimization of the preforming process and simulations of the load bearing capability of the composite parts are enabled.

1.
Introduction
The demand for innovative materials and structurally adapted lightweight solutions is greater than ever. Economic and ecological demands of our time are driving the search for new and more efficient materials. Increasing attention is being paid to fibre-reinforced plastic composites, with which a high weight-specific material and energy efficiency can be achieved. With the optimum material in the right place, a multi-material composite with the highest level of properties is created. The structural component development requires high quality and precision already in the design phase and also in the later production.  This idea is opposed by the economic restrictions of a new component design.  A design with multi-material character, with a reinforcement structure that meets the requirements high development effort, knowledge of different materials and experience in combining these different components. Due to the demanding design and material calculations, composites are in a special position in the industrial environment. The ability to assert oneself against competing materials, such as lightweight metals, can only be achieved with a clear performance advantage and economic incentives. In order  to use multi-material design in the future, cost reductions resulting, among other things, from process improvements and cheaper starting materials are unavoidable. For complex component geometries with inhomogeneous load distribution, a load path-compatible design of the textile and forming process can be associated with enormous effort, which increases development costs and thus weakens the competitiveness of composite materials. Simulation methods are used to describe the complex behavior of systems that cannot be described with analytical equations. The production, processing and forming of textile structures are highly complex processes in which simulation methods can be used. Therefor, an all virtual approach for calculating the properties of composite materials is introduced in this paper. 
2.
Material
The results presented in this paper are obtained by analysing a plain woven fabric made of 900 tex glass multifilament yarns (900 tex EC-GF) as described in Table 1. Geometrical data were obtained by optical analyses of scanner and micrograph images. 
Table 1. Properties of examined weave
	
	Material properties
	Microscope and scanning images

	Yarn Material:

900tex EC-GF
	Yarn height weft 

Yarn width weft

Yarn height warp
Yarn width warp

Cross-section weft

Cross-section warp
	0.268 mm

3.172 mm

0.302 mm

2.826 mm

2.665 mm²
2.678 mm²
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	Fabric material:
Plain woven fabric
	Fabric thickness

Crimp weft yarns

Crimp warp yarns

Weft distance

Warp distance
	0.552 mm

0.345 %
0.173 %

~3.33 mm

~3.63 mm
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3.
Methods
3.1. Microscale modelling
The basis of the presented modelling method is the assumption that yarn segments of a certain length arrange themselves in a limited space (unit cell), determined by a prescribed structure (construction) in a state of equilibrium. A structure-generating FEA simulation is carried out to achieve this. The method for structure generation consists of the three steps shown in Figure 1 and is generally applicable for all textile constructions. In the first stage, the yarn segments required to represent the textile unit cell are arranged according to the desired weave. In the second stage, the yarn segments are deflected according to the weave until the individual yarn segments are no longer penetrated. The yarn segments now relax to a structure with the lowest possible energy potential while reducing the elastic tensile energy built up during the process. The yarn cross-section changes along the segment length from the original arrangement and the desired textile structural model is formed. More information on this introduced method can be found in [1].
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	a) Initial configuration
	b) Prescribed configuration
	c) Static equilibrium
(final model)


Figure 1. Micro scale unit cell of the plain woven fabric
3.2 Virtual testing of textile unit-cell models
To homogenise the textile structural behaviour, virtual mechanical tests are carried out on unit cell models of textile reinforcement structures under periodic boundary conditions at the edges of the unit cell. The periodic boundary conditions determine a forced displacement of the edges so that the deformation of the heterogeneous body mapped onto a homogeneous body causes a uniform state of stress and strain. The results of the deformation simulation for uniaxial tension, shearing and bending can be seen in Figure 2.
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	a) Uniaxial tension
(Tensile force)
	b) In-plane shearing
(Change in thickness)
	c) Out-of-plane bending (Out-of-plane displacement)


Figure 2. Periodic deformation of woven unit-cell modell
For tension and shear, as in the real-physical experiment, a non-linear course of the force-stretch behavior can be determined. The comparison of virtually determined and actually measured values can be seen in Table 2.
Table 2. Properties of virtualy examined weave
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	a) Uniaxial tension
	b) In-plane shearing


3.3 Drape simulation with virtualy obtained parameters
To use the textile material model in the virtual composite development chain, the forming simulation of the flat textile into a complex three-dimensional geometry must be possible on the basis of the virtually determined material parameters. The typical process variables of the textile preforming process are the material behavior, the retention forces, the blanc-holder states, the orientation of the textile and the structural component geometry itself. Each of these parameters influences the draping result and must therefore be taken into account in a virtual simulation. Virtual process optimization is made possible by carrying out a large number of forming simulations. Forming simulations at the microscale tends to be possible. However, a realistic implementation is currently not feasible with justifiable numerical costs. Therefore, for large-area forming simulations, which are characterized by a multitude of process parameters and degrees of freedom, the execution on the macroscale is proposed. The input parameters on the material side must be directly extractable from the virtual tests of the microscale models for a virtual development chain. This was successfully implemented within the framework of this work, using the textile material models described in [2]. In Figure 3, the effect of the introduced laminate formulation [3] as well as results of drape simulations [4] are shown.
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	a) Reduced bending stiffenss
	b) Result of drape process simulation


Figure 3. Results of adapted macroscale textile material model
3.4 Determination of composite properties

In [5] a modeling method for composite structures on the microscale was introduced. The fundament of the composite modeling method are the introduced microscale beam models of textile structures themself. They are used to create a binary model of the composite material. The beam elements are kinematically coupled to solid elements, which are used to model the composite matrix. A deformation of the matrix is transferred to the beam elements without changing their relative position in the solid element. This principle is shown in Figure 4.
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	Initial state
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Figure 4. Scheme of kinematically coupling beam elements in solid elements
In order to be able to predict the composite characteristics of the reinforced composite material with the presented textile models, the models of the dry reinforcement textiles must contain the deformations resulting from the consolidation process. The structural changes caused by the draping process are usually followed by compaction using a consolidation tool or a vacuum film. This influences the fibre volume content and the local yarn orientation. By taking compacting into account, it is possible to analyze the influence of different consolidation process parameters on the composite properties. In Figure 5, a compacted stacking of four woven reinforcement layers is shown exemplarily.
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Figure 5. Compacted four layered stack of reinforcement weaves
With this model, the resulting composite properties can be calculated on a unit cell level, according to the local deformations induced by the draping process. The picture of such a composite model, along with the resulting stress distribution and reinforcement loads are shown in Figure 6.
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	Microscale model of the composite
	Stress distribution under uniaxial loading
	Force distribution in the reinforcement textile under uniaxial loading


Figure 6. Results of composite unit cell loading simulation
4.  Conclusions

The method introduced enables the creation of composite models on a microscale resolution. The generated models are able to successfully calculate the mechanical behavior that can be expected from composite materials analytically. The microscale models of the textile structures can be used as a basis for the structural geometry of the fiber composites, which can be formed depending on the production parameters. Thus, the introduced method of composite calculation enables a completely virtual observation, from the generation of the textile geometry, depending on the parameters of the textile surface formation, to the prediction of the composite materials reinforced from these textiles. The composite calculation method is divided directly into the virtual composite development chain.  With the help of the methods described, a holistic component design on a purely virtual basis - from the fiber to the component - is made possible. Other computer-aided methods, such as the mutual coupling of simulated information through neural networks, also enable the component design method of reverse engineering.
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