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Abstract: The microstructure of composites has a strong impact on their performance and
processability. It influences the structural performance and fatigue life when architected into thin
ply composites. The microstructure is also affected by processing conditions, respectively
recursively dffects processability as observed in the deconsolidation or intimate contact
formation during laser assisted tape laying. This work presents a novel approach to identify
microstructural features. This is achieved by Voronoi tessellation-based evaluation of the fibre
volume content on cross-sectional micrographs, considering the matrix boundary. The method
was applied on unidirectional tape samples with characteristic processing history. It is shown to
be robust, it is suitable to be automated and has the potential to be expanded into 3d imaging
techniques. It offers the possibility to discriminate specific microstructural features and to relate
them to processing behaviour.
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1. Introduction

Carbon fibre reinforced polymer composites have outstanding properties at low weight. They
contribute to the sustainability of air transport, automotive and energy sector. Especially when
exploiting their anisotropy in the unidirectional configuration, they outperform most
engineering materials in specific stiffness or weight. The engineering and processing properties
of unidirectional materials are most commonly derived from homogenization approaches,
which assume a perfect regular distribution of the fibre in the matrix. However their processing
history, from carbon fibre rovings to finished parts affects their microstructural arrangement
and homogeneity. Amacher [1] observed that unidirectional composites, when spread to very
thin plies, impact the microstructural homogeneity of the resulting unidirectional laminate
resulting in an increase of compression strength of up to 24%. Also in processing, Schuler [2]
observed that transverse squeeze flow, an essential behaviour for intimate contact formation
[3], is affected by inhomogeneity in fibre distributions. Although the relation between
microstructure and resulting properties is undeniable, its correlation has been primarily
qualitative.

This work aims to develop quantitative analysis methods for unidirectional composite tapes
based on optical cross-sectional microscopy. Using fibre centre identification through image
processing, computer vision, and Voronoi tessellation, various quantitative evaluations have
been explored and correlated to the processing behaviour.
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2. Method

The basic approach of cross-sectional microscopy of unidirectional composites has been
previously explored by Zangenberg et al. [4]: by identification of fibre centres, a Voronoi
tessellation of the cross-section is achieved, where every cell with an area A, contains an
individual fibre with a cross section area Ay. We can therefore express the Voronoi-based local
fibre volume content Vf, at the resolution of a single fibre.

Viy =5t (1)

To process larger microstructures, an adapted, numerically efficient methodology is presented
based on the open-source Python library OpenCV [5]. The complete commented code is
available on GitHub and archived in Zenodo [6]. Images were taken from embedded samples of
carbon fibre unidirectional tapes with a polyaryletherketone matrix. The images were captured
with a Keyence VK-X1000 laser scanning confocal microscope in the optical mode using a 50x
magnification and coaxial lighting. This corresponded to a pixel resolution of about 1/20th of a
fibre diameter. Using the embedded stitching capability, images with 17000 x 700 pixels of large
tape cross-sections were assembled.

The image processing consisted of four main steps : (1) fibre centre detection, (2) identification
of individual fibre diameters, (3) detection of the outer boundary, followed by (4) Voronoi
tesselation taking into account these boundaries.

The images were processed through mean shift segmentation, blurring and thresholding (Figure
1). Applying Euclidian distance mapping in combination with an 8-connectivity watershed
allowed to discriminate individual fibres, also in densely packed situations, as seen in Figure 2.
Furthermore, proximity analysis based on the nominal fibre diameter allowed to merge
overlapping interpretations.

(b) (c) (d)

Figure 1. Image processing steps (a) original, (b) mean shift segmentation, (c) blurring, (d)
thresholding, (from [7])

Based on previously computed fibre centres, the fibre radius was determined in four directions
based on greyscale thresholding as illustrated in Figure 3. Other authors use the circle Hough
Transform [8] for the fibre centre and fibre diameter feature extraction, which comes, compared
to this method, at high cost of computation and storage compared to the presented methods.

The outmost Voronoi cells of a finite number of fibre centres have, per definition, an infinite
size; therefore, the matrix boundary of the tape sample was digitized into a polygon to cap the
perimeter Voronoi cells (Figure 4) for dedicated analyses.
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(b)

Figure 2. Definition of fibre contours (a) without and (b) with 8-connectivity watershed,

(from [7])
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Figure 4. Tape boundary represented as polygon, trimming the infinite boundary Voronoi cells
(a) to finite size (b) (from [7], modified)

3. Results
To assess the method, three unidirectional tapes, further referred to as A, B and C, made with

different spreading and impregnation techniques [9, 10] were imaged, segmented and analysed.
Next to analysing the fibre volume content over the entire cross-section, the Vg, was also

3/6 ©2022 1¢t Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license


https://doi.org/XXXXXXXXXXXXXX
https://doi.org/XXXXXXXXXXXXXX
http://creativecommons.org/licenses/by/4.0/

4/6

Composites Meet Sustainability — Proceedings of the 20™" European Conference on Composite Materials,
ECCM20. 26-30 June, 2022, Lausanne, Switzerland

homogenized for a through thickness evaluation and for dedicated analysis of the outmost
upper and lower boundary elements, as illustrated in Figure 5. In some cases, in highly
compacted areas, due to imaging inaccuracies, the evaluation of Vs, could yield values greater
than one, when A > A,,. These cells were flagged red for clarity and removed from the analyis.

Voronoi based local fibre volume content

Voronoi based local fibre volume content
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Figure 5. (a) Through thickness segmentation of tape in about 8-10 segments, (b) identification
of top and bottom surface cells for specific analyses, (example from tape B, taken from [7])

The V¢, plots of the different tapes shown in Figure 6 to Figure 8 reveal distinct differences
between the different tapes. The through-thickness analyses shown in Figure 9, reveal distinct
edge-core morphologies for tape A and B. This is also confirmed in the histograms shown in

Figure 10, again tapes A and B show contrasting Vy,, distributions at the surface in terms of
median and skewness.
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Figure 6. V¢, analyses of two characteristic sections from tape A [7]

©2022 1st Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license


https://doi.org/XXXXXXXXXXXXXX
https://doi.org/XXXXXXXXXXXXXX
http://creativecommons.org/licenses/by/4.0/

5/6

Composites Meet Sustainability — Proceedings of the 20™" European Conference on Composite Materials,

ECCM20. 26-30 June, 2022, Lausanne, Switzerland

Voronoi based local fibre volume content - Tape B
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Figure 7. V¢, analyses of two characteristic sections from tape B [7]

Voronoi based local fibre volume content - Tape C

Voronoi based local fibre volume content - Tape C
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Figure 8. V¢, analyses of two characteristic sections from tape C [7]

4. Conclusion
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This work presents a novel approach to identifying microstructural features, based on single
fibre identification in cross-sectional micrographs, considering the matrix boundary. The authors
have investigated the robustness of the methods in depth [7]. The methods reveal characteristic
microstructural features of the fibre distribution, which can be further spatially or statistically
quantified and related to processing properties. Ultimately, these can be expanded to the 3™
dimension and will serve to develop representative volume elements. The observation of tape
manufacturing-related edge core effects does also relate to other microstructural features of

the fibre architecture, which has recently been confirmed by Gomarasca et al [11].
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Figure 9. Through thickness evolution of Vz,, for tapes A, B and C (from [7])
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Figure 10. V¢, for the entire tape compared to the top and bottom surface for tapes A, B and C
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