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Abstract

The material system polypropylene filled with long polyethylene terephthalate fibres was investigated by CT analyses. Micro-structural features as length, orientation, diameter and content were determined comprehensively. Beside the characterisation of an undamaged multi purpose test specimen (MPS) a broken Charpy impact tested specimen was analysed, too. The fibres that were pulled out of the matrix were segmented and analysed separately in order to determine the free fibre length. The extraction of relevant features was performed on single fibre basis with a template matching apporoach for medial axes extraction. The following image processing steps for separating and connecting fibre segments correctly were optimized for the heavily curved polymer fibres.

Together with a micro-structural characterisation of undamaged MPS specimens, valuable data for understanding the influences of fibre length, orientation and complex pathway on mechanical behaviour was generated. The high amount of curved fibres together with the difference of Euclidian and curved average lengths make it obvious that the consideration of PET fibres as curved is essential for modelling the real material behaviour with the determined micro-structural values.

1.
Introduction
The characterization of microstructure of fibre reinforced thermoplastic materials using X-ray tomography (CT) has become an important tool for material development and quality insurance. Quantitative parameters can be obtained with high accuracy for materials with good contrast between fibres and matrix. Much work was published about short glass fibres in PP or PA matrix. CT leads to high quality data that can be analysed automatically. Local fibre content, fibre orientation, length, diameter and shape are used to build up models that mimic reality very well. [1-8]

Other fibre materials are also used for injection moulding in order to increase mechanical or physical properties further. For special short polyethylene terephthalate (PET) fibers the property profile improvement of WPC/PP was discussed [9].

For chopped, long fibres some issues for scanning and data analysis arise. Although the same questions about the material have to be answered, it is not possible to apply the same methodology using CT for these types of materials. During injection moulding long fibres tend to bend. Simple algorithms that connect start and endpoint for length determination will fail. The question how the orientation of a bent fibre can be described for modelling was solved in [10].

Densities of matrix and fibres have to be different in order to achieve data that can be analysed properly. Polymer fibres in thermoplastic matrix lead to reduced difference in density which makes an optimization of scan parameters and data analysis necessary.

This contribution discusses possibilities for the 3D characterization of bent fibres with limited contrast. 
2.
Experimental

2.1 Materials and data acquisition

The investigated material consisted of Polyethylene terephthalate (PET) fibres within a Polypropylene (PP) matrix with 14.5 wt.% fibre content. The nominal mean fibre diameter was 22 µm. 
Two different aims were addressed with the CT analysis: microstructural characterization of the injection moulded material and determination of free fibre length after Charpy impact testing. For achieving high sharpness for accurate microstructural characterization, scans of undamaged multi-purpose test specimens  (MPS)  were performed using 3 µm voxel edge length. The analysed volume was 4.7 x  2.2 x 11.3 mm³ in size.

For determination of free fibre length it was important to scan the complete cross section of a standard multi-purpose test specimen of shape 1A [11] after notched Charpy impact test. This lead to a voxel edge length of 5 µm.
The CT scans were performed using a laboratory CT device Nanotom 180. 1900 projection images and 5 times averaging per angular scanning position took 170 minutes. A voltage of 60 kV and Molydenum as target material were used for increased contrast.
2.2 Data analysis for determination of FOD and FLD

The quantitative analysis was performed using an in house development. This was initially developed for straight glass fibres [1]. The medial axes were extracted by a template matching approach. A virtual voxel dataset was generated by CT simulation using SimCT [12].The correlation of spherical template and grey value data leads to emphasized medal axes. Global thresholding followed by binary thinning results in medial axes of fibre segments as single voxel lines. A critical step in the segmentation process is the combination of detected fibre segments. For straight fibres segment angles are taken into account that are built from start to endpoint. For bent fibres that does not lead to proper results. A modification of segment angle determination considering only a short part of the bent fibre segment lead to the desired fibre segmentation. The length determination for bent fibres was improved by extracting intermediate points along each fibre. The intermediate points were gathered by tracing the fibres and saving a point coordinate every 10 µm. Summing up the Euclidian distances from point to point leads to a length with sufficient accuracy.

Orientation was determined in two ways. One is the simple way of connecting start end endpoint, which is correct for straight fibres. The other way was the employment of the Poly Inclusion Model (PI) [10].
2.3 Data analysis for determination of free fibre length
A separation of the free fibres that protrude from the fractured surface was performed using commercial software VG STUDIO MAX 3.1. The approach was to apply sub sequent 3D image processing steps starting with a region growing process within the polymer matrix. This region did not include the fibres which was good for the free fibres but bad for the fibres within the matrix. To include also fibres within the matrix s closing procedure was applied. After smoothing the surface and erosion by 2 Voxels to be sure that the free fibres were included in the final region completely, a raw data set was extracted containing only free fibres and air. The separation along the fracture surface is shown in figure (Fig. 1). Not all fibres are pulled out of the matrix which leads to less fibres in that raw dataset compared to the one for microstructural characterisation. 
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Figure 1. Cross sectional slice image showing the fracture surface and 
the separation of free fibres along the cyan line which is slightly below the fracture surface.

3.  Results

3.1 Qualitative results
The complete scanned specimen for the determination of free fibre length is shown in figure (Fig. 2). At the chosen resolution the fibres are represented well and can be segmented and visualised easily. Since fibre content is not very high and fibre diameter is quite high, the number of fibres that are within the composite is small. 
For length determination it is important that all fibres are well separated from each other. This is facilitated by using the software pipeline with modifications mentioned and proper parameters. The 3D renderings show fibres that are elongated in tensile direction without very strong bending. The slice images of the undamaged specimen shown in figure (Fig. 3) shows fibres that are very strongly bent, curved and even knotted.
The shape of the fracture surface is very flat which indicates homogeneous stress distribution throughout the cross section.
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Figure 2. 3D renderings of the scanned volume of a remaining part of a Charpy impact tested specimen with coloured free fibres (left) and the segmented free fibres alone (right)

The cross sectional images in figure (Fig. 3) in X-Z plane are maximum intensity projections from a region of 25 µm in Y direction. This allows for much better representation of single fibres since the fibres are curved and tilted and cannot be visualised in one single slice image completely.
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Figure 3. Cross sectional and maximum intensity grey value images of an undamaged MPS specimen from 2 directions (left) and fibre segmentation result (centre), the longest fibre is shown on the right
3.2 Quantitative results

Micro-structural features that were determined for the free length dataset and the MPS dataset were average and maximal length, both the Euclidean distance from start to end and also the partially summed up distances called curved lengths. Total number of detected fibers and fibers that were identified as curved, average diameter and main tensor elements. These values are shown in table (Table 1).
The difference between Euclidian and curved length is for both specimens high which implies that for this kind of curved fibers the Euclidian length should not be taken into account.
Table 1. Micro-structural features for the Charpy and the MPS specimen.

	Features
	Unit
	Charpy 
free length
	MPS

	Weighted average length
	(µm)
	677.2
	2789.5

	Average length
	(µm)
	349.1
	1109.8

	Maximal length
	(µm)
	2871.4
	9975.5

	Curved weighted average length
	(µm)
	756.6
	3839.5

	Curved average length
	(µm)
	384.7
	1693.3

	Curved maximal length
	(µm)
	3489.5
	11966.5

	Total fiber count
	
	3107
	13844

	Curved fibers
	
	1971 (63 %)
	9520 (69 %)

	Average diameter
	(µm)
	19.6
	19.1

	Orientation tensor aXX
	
	0.199
	0.179

	Orientation tensor aYY
	
	0.127
	0.108

	Orientation tensor aZZ
	
	0.675
	0.713


Almost 70 % of all fibres were classified as curved within the MPS specimen, only a few less in the Charpy specimen. The determined fibre diameter is too small compared to the nominal one. The cause is the algorithm which was not optimized for this type of fibres.
The orientation tensor elements were again calculated from start- to endpoint vectors which is misleading for curved fibres.
4.
Conclusions

CT data analyses were performed on long polymer fibre composite material. The non-destructive manner allowed for the determination of free fibre length after Charpy impact testing. Together with a micro-structural characterisation of undamaged MPS specimens, valuable data for understanding the influences of fibre length, orientation and complex pathway on mechanical behaviour was generated.

Because of the ductile behaviour of PET fibres, the free length is quite high compared to glass fibres for example. The very flat fracture surface indicates that fibre orientation is distributed homogeneously across the specimens’ cross section.

Since the free fibres lead to increased contrast because they are surrounded by air instead of polymer, and the lower amount of fibers, the segmentation process is simplified and leads to very good segmentation results. 
The high amount of curved fibres together with the difference of Euclidian and curved average lengths make it obvious that the consideration of PET fibres as curved is essential for modelling the real material behaviour with the determined micro-structural values.

Fibre orientation as shown in Table 1 is only giving a rough estimate of overall orientation. More valuable simulation results can be obtained by using models like the PI model.
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