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ABSTRACT

The tensile response of Carbon Fibre Reinforced Polymer (CFRP) composites manufactured
through Tailored Fibre Placement (TFP) has been investigated using micro X-ray computed
tomography (uXCT) with in-situ mechanical testing combined with digital volume correlation
(DVC). Damage mechanisms have been studied in relation to full-field strain measurements
through regular interruptions of the tests and post-processing of the reconstructed images of
the internal structure of the composite using a new Python-based DVC algorithm. A global
DVC strategy has been developed to obtain deformation fields based on the correction of large
rigid-body motions from a local DVC approach. Results show quantified strain distributions
and their evolution in the complex 3D structure of the textile composite, in particular in resin-
rich regions around stitch threads affecting damage development. The developed methodology
therefore offers new opportunities for a better understanding of complex damage development
in TFP composites as well as validation means for multiscale models aimed at predicting their
mechanical response.

2. INTRODUCTION

Carbon Fibre Reinforced Polymers (CFRPs) composites are increasingly used in aerospace
structures due to their inherent high strength and stiffness to weight ratio. Multi-layer laminates
are often required to provide sufficient load bearing capacity and resistance to multi-directional
loads. However, their thickness and the overall design of complex composite structures need
to be optimised to reduce weight and machining-related material waste in order to meet net-
zero targets. The concept of variable fibre path composites was generated for this purpose to
minimise material waste without reducing load bearing capacity.

The tailored fibre placement (TFP) manufacturing process was developed to strategically locate
fibre tows along desirable fibre paths in multiple directions. The principle of TFP is shown in
Figure 1 [1]. An embroidery-type machine was adopted to manufacture a preform through
stitching fibre tows on a base material. Fibre tows can be placed in any orientations using a
360° head-controlled rotation.

TFP applications are constantly growing, including for brake boosters [2] and bicycle frames
[3], but better understanding of the effect of manufacturing parameters, such as stitch length,
stitch width and roving distances, on mechanical performance is needed [4, 5]. The deformation
of a TFP-made composite sample was studied under tensile loading using two-dimensional
Digital Image Correlation (2D DIC) in [5]. Strain concentration was observed in resin-rich
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zones created by stitch-threads but the investigation was limited to surface measurements and
cannot fully characterise strain distributions in the complex 3D structure of TFP composites.

Digital Volume Correlation (DVC) is a 3D strain field measurement method extended from 2D
DIC. This approach was initially proposed by Bay et al. for strain measurement of trabecular
bone tissue under compression loads [6]. Recently, DVC has been developed for investigating
the internal deformation of composite materials under flexural loads [7, 8] or under tension [9].

In the current study, an in-situ tensile test was carried out on a TFP composite sample inside
an X-ray Computed Tomography (XCT) microscope. The test was regularly interrupted to
study both morphological changes of the internal structure and crack development. The internal
deformation of the TFP composite sample was subsequently characterised through full-field
strain distributions computed using a Python-coded DVC algorithm.

Rotation controller
' Needle

Stitching thread
Fibre bundle

X
t Backing material

Figure 1: Principle of the TFP technique [1].

3. EXPERIMENTATION

3.1 Materials and specimens

TORAY carbon fibre tows, 800 tex and 12 K filament, were adopted for the TFP-preform
fabrication. Serafil Comphil 180 polymer was selected for the thread to stitch the carbon fibre
tows on a glass-fibre weave. A TFP composite made with a [0/60/-60], layer sequence was
manufactured by using Resin Transfer Moulding (RTM). The selected epoxy resin was LY 564
with Aradur 5945 hardener. The thickness of the TFP composite laminate was 3.6 mm. A dog-
bone shaped sample (Figure 2(a)) was then produced using waterjet cutting. A narrow width
of 3 mm and a gauge length of 4 mm was designed to concentrate the deformation in the field
of view (FOV) of XCT experiments.
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Figure 2: (a) Experimental setup in the CT scanner; (b) TFP composite specimen; (c) working

configuration for the in-situ tensile test in the Versa 620 X-ray Microscope (XRM).

3.2 Experimental method and image segmentation

The in-situ tensile test was carried out at the Sheffield Tomography Centre, The University of
Sheffield. A ZEISS Xradia 620 Versa X-ray Microscope (XRM) was used to inspect the
internal structure of the TFP composite. The X-ray source voltage and power were set to 150
kV and 23 W respectively. A 0.4X objective lens was adopted to obtain a voxel size of 11.34
um. 1601 projections were collected per scan, lasting about 1 hour. The collected data were
further reconstructed into 8-bit tiff images for DVC characterization.

Eight scans were conducted for collecting information under different loading states as detailed
in Table 1. Two reference scans of the unloaded TFP composite sample were included for noise
investigation in the DVC analysis. Tensile tests were carried out using a 5 kN Deben
CT5000TEC loading stage as shown in Figure 2(a). The loading rate was set as 0.5 mm/min.

Table 1: Load values and stress-to-failure ratios for the interrupted in-situ test

Load steps StepO | Step 1 | Step2 | Step3 | Step4 | Step 5 | Step 6

WWW.sampe-europe.org
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o /0yrs 0 | 25% | 37% | 50% | 75% | 90% | 95%

Load (kN) 0 0.93 1.31 1.86 2.8 336 | 3.54

The internal structure of the TFP composite sample was segmented from XCT results using
Dragonfly ORS [13]. The segmented results of fibre bundles in each layer were further
exported as STL mesh files. The open-source software, ParaView [14], was adopted for the
visualisation of DVC results. With mesh files created from image segmentation results of the
internal structure of the TFP composite, strain fields were mapped onto the mesh model to
better understand the strain concentrations in the fibre bundle structure.

3.3 Python-coded DVC methods

Two main methods can be used for DVC, namely the subset-based local DVC (L-DVC)
approach and the finite-element-based global DVC (G-DVC or FE-DVC) approach. The L-
DVC method was adopted for dividing the volumetric images into individual subsets and
searching for optimal similarity between the subsets from the reference and deformed images.
The G-DVC method considered the entire subsets (grids) based on finite elements for
displacement interpolation, which ensured displacement continuity.

The zero-mean normalized sum-of-square difference (ZNSSD) function was adopted as
correlation function [10]:

2
Conssn(AD) = Z {[f(x +W(EAp)) - ful [g(x+W(EAp)) - gm]} W

A A
- f g

where f,,, and g,,, are the mean greyscale values of the subvolumes in reference and deformed
images respectively. Ap represents the incremental deformation vector.

The displacement-searching strategy used in the current model was the inverse-compositional
Gauss-Newton (ICGN) algorithm. It was proposed for high-efficiency computation, high-
robustness and accuracy for DIC by Pan et al. [11]. The ICGN algorithm was further utilised
for 3D DVC for high-resolution image volume correlation with up to billions of voxels [12].
Considering the user-friendly and gradually popular programming language of Python, both L-
DVC and G-DVC methods were programmed in a Python script using the ICGN iteration
strategy.

4. RESULTS AND DISCUSSION

DVC was successfully conducted between every successive scanning steps. Three directional
displacement fields (u, v and w) were obtained along the x, y, and z directions respectively.
The loading direction was along the z direction, while the through-thickness direction and the
transversal direction of TFP composite specimen were aligned with the x and y directions
respectively. Before the implementation of the sub-voxel DVC methods, the translational rigid

4
WWW.sampe-europe.org



SAMPE Europe Conference 2024 Belfast - Northern Ireland

body motion (RBM) had to be removed to improve the precision and efficiency of DVC results
[15, 16].

4.1 Correlation of rigid body motion

Two methods were adopted for the detection of the translational RBM of X-ray scan results for
the TFP composite sample under tension. The first method was based on the L-DVC method
to obtain the correlated displacement fields. The correlation was carried out between every
successive load-scan steps. Figure 7 (a) shows the accumulated RBM values obtained from the
correlation results. Four different subset sizes (31,41, 51 and 61 voxels) were selected. Limited
differences in RBM values are observed along the x- and y- axes for these different subset
sizes, whereas a larger, albeit not significant, difference in RBM values is found for the z
directional displacement.

The second method was based on image processing. A region of interest (ROI) was selected
from CT images and was assumed to remain the same for all loading scans. An image
segmentation method was adopted for extracting those ROIs for each loading scans and
exporting them as binary images separately. The centroid position of this ROI was extracted
along three directions. Then the position difference was calculated between two loading steps
and defined as the rigid body motion as shown in Figure 7 (b). The rigid body motions detected
from the local DVC approach along the three directions were compared to those obtained from
the image processing approach detailed above. A good agreement can be found along all three
x, Yy, and z directions.

As shown in Figure 7, the x-directional RBM values remain positive during all loading steps,
while y-directional RBM (transversal direction) values show both positive and negative values.
The accumulated RBM along the transversal direction was back to its original position on step
5, while a high value can be found for the correlation between step 5 and step 6, which is
assumed to be caused by the high density of cracks in the final loading step. The accumulated
rigid body motion along the through-thickness direction was calculated as 23.62 voxels (267.85
um) from the correlation results with a subset size of 61 voxels. Such a high accumulated rigid
body motion was primary caused by the asymmetrical layup of the TFP composite preform.
Due to the base material and stitch thread adopted for the TFP process, an extra layer of base
material and a resin-rich layer were formed in the composite due to the hybrid stitch thread
beneath the base material [1]. This asymmetry resulted in a coupled bending behavior for the
TFP composite sample loaded under tension, which was captured in the X-ray CT results, with
a partial rigid body motion and a partial internal bending deformation. The rigid body motion
value for each subset calculated by the L-DVC method was saved and imported to the G-DVC
algorithm for the further sub-voxel correlation.
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Figure 7: Three directional rigid body translations (1, v and w along x, y and z axes) detected from (a)
Local DVC approach (for three particular subsets 31,41,51 and 61), and (b) Image processing using
ImageJ.
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Figure 8: The strain field (g,,, along the loading direction) mapped onto the special fibre bundle structure

of the TFP composite sample under tension.

4.2 Internal deformation of the TFP composite under tension

The internal deformation of the TFP composite structure was characterised through strain maps
obtained using the G-DVC method. The mesh size was selected as 31 voxels from a sensitivity
analysis. The strain field obtained from DVC results was mapped onto the fibre bundle
structure of the TFP composite. The distinct fibre bundle structure was caused by the stitch
thread used in the TFP process. As can be seen from Figure 8, the strain concentrations were
located near the resin-rich zones in the 60° orientation fibre bundle. These resin-rich zones
were created by the stitch threads with local strain values up to 43% recorded by DVC. These
quantified local strain values can help understand the formation of cracks observed at the
interface between fibre bundles and resin-rich regions in TFP composite loaded under tension.

5. CONCLUSIONS

The developed Python-coded DVC program provides high efficiency, easy-operation, and
accuracy for the correlation of in-situ CT results with high rigid body motion. The developed
methodology offers new opportunities for a better understanding of complex damage
development in TFP composites as well as validation means for multiscale models aimed at
predicting their mechanical response.
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