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Abstract

For some products, such as composite pressure vessels made from thermoplastic unidirectional tapes, local inhomogeneities of unidirectional fibres misalignment and voids can cause the premature damage. Finite element (FE) modeling of the fibrous reinforcement local geometry in combination with the micro-computed tomography (μCT) allows calculating the critical stresses in the material taking into account these inhomogeneities. The paper describes the methodology for creating a 3D finite element model based on the µCT image and the VoxTex software, which transforms the μCT image into a voxel model in which the fibrous structure of the reinforcement (local fibre volume fraction and fibre direction) is identified for each voxel. On the basis of the voxel model, a finite element model with local orthotropic properties of the material is created. In the FE model each finite element has its own material orientation corresponding to the real orientation of the fibres in the sample. Applying the commonly used failure criteria, such as Tsai-Hill, Puck, etc. it is possible to calculate the critical load at which the local damage is initiated. The results of FE modeling are presented and discussed.
1.
Introduction
In this paper we present a methodology based on µCT 3D tomography and FE analysis for stiffness and strengths calculation of laminated fibrous Carbon-PA laminated composites. The methodology consists of three steps: creating a 3D µCT image of the specimen, creating a voxel model based on this image and transferring the voxel model to FE model (Fig. 1).
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Figure 1.  Methodology of creating the FE model based on the µCT image and VoxTex software.

1.
µCT imaging

As an example we use a unidirectional specimen with carbon fibres and PA 410 thermoplastic matrix. This specimen was produced by bonding 7 prepreg layers using the hotpress method. Then a  small sample was cut and examined by tomography with the resolution of 1.78 µm. The 3D µCT image has size of 1.1x1.9x3.3 mm (Fig. 2). For the voxel model and FE model we consider a thin layer (21 µm) from this image to avoid big size FE model.
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Figure 2.  Fibres alignment in the sample (left) and the µCT image of the thin layer (right).

2.
Modeling
2.1. 
VoxTex voxel model

In the second step we transfer the 3D µCT image in the VoxTex software and create a voxel model. The VoxTex software employs methods of 3D image processing, which use in full the local directionality information, retrieved using the analysis of the local structure tensor [1]. 
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Figure 3.  The µCT image (left) and the voxel model (right).
The processing results in a voxel 3D array (the voxel dimensions can be the same as in the initial μCT image or larger), with each voxel carrying information on material type (matrix, ply, void) and fibre direction for fibrous plies. This basic voxel model can be further used for different types of material analysis, such as orientation analysis, misalignment analysis, and image segmentation. In our case we create the voxel model with the voxel size of 10.67 µm. This voxel size allows accounting for local fibre misorientation even for individual fibres (Fig. 3).

The analysis of the fibres orientation in different parts of the sample shows different value of root mean square (RMS) in angles distribution. Figure 4 shows histograms of the fibres orientation. 
[image: image4.png]1000

om0

Histogram of angles
between the projection of
the fiber direction on YZ
plane and Y axis. Part 1.

Root mean square - 3.28

L
Angle [degree]

Histogram of angles
between the projection of
the fiber direction on YZ
plane and Y axis. Part 2.

Root mean square - 2.04

T
Angle [degree]

L




Figure 4.  Histograms of the fibres orientation for two parts of the voxel model.

Finally, this voxel model was transferred to the FE model as an input file for the Abaqus software.
2.2. 
FE model
VoxTex creates the input file with the finite element mesh, such that each voxel is one finite element, and material orientation vector for each finite element. Thus the FE model contains 109000 finite elements. For the static analysis we used 3D 8-nodes continuum shell elements with the plane-strain formulation, which allows applying the in-built failure criterion of Tsai-Hill. 
Orthotropic material properties are shown in Table 1. We assume a uniform distribution of fibre volume fraction over the sample; therefore each finite element has the same material properties.

Table 1. Material properties.

	E1

(GPa)
	E2

(GPa)
	G12 (GPa)
	υ12


	Xt

(MPa)
	Xc

(MPa)
	Yt

(MPa)
	Yc

(MPa)
	S (MPa)

	135
	10
	5
	0.3
	1500
	1200
	50
	250
	70


A biaxial tensile load was applied to the sample as the displacement boundary condition. The result of the calculation is shown in Figure 5. The areas with the high fibre misalignment (red and grey areas in the figure) has the damage index bigger than 1 by 0.2 % tensile strain, which means the damage happens in these areas.
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Figure 5.  Result of the FE calculation showing the distribution of the Tsai-Hill failure index under biaxial load (a), and the corresponding μCT image (b).
3.
Conclusions
The µCT imaging with the resolution of about 2 µm in combination with the VoxTex voxel model (with about 10 µm voxel size) and FE modeling allows to obtain the detailed Stress Strain State of the specimen under various types of loading and to calculate the critical load at which failure is initiated. It is demonstrate that the failure happened in the areas with the strong misalignment of the fibres. 
In the presented FE model we assumed the uniform fibre volume fraction over the whole volume of the specimen. This assumption is not strictly correct in some cases. The method can be further improved by segmenting the FE model into ‘pure matrix’ and ‘fiber+matrix’ areas. 
For the complete validation of the method some dedicated experiments are necessary, which are planned.
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