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GRAPHICAL ABSTRACT

Characterising pore networks and their interrelation with the fibre

3
architecture in unidirectional composites TUDelft

Analysis of X-ray micro-computed tomography data of
thermoplastic/CF unidirectional composite tapes
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ARTICLE INFO ABSTRACT
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This work proposes a methodology for the characterisation of complex pore features in unidirectional composite
prepregs, and provides insights into the interaction between fibre architecture and pores. The method
showcased allows to compare spatial distributions at a three-dimensional level, highlighting in the tape

analysed a significant correspondence between regions of elevated tortuosity and increased pore fractions.

X-ray computed tomography Regions associated with highly tortuous meandering fibres exhibit a pronounced association with porosity
located both in the bulk and at the tape surface, suggesting a strong interaction between non-collective fibre

displacement and the probability of pore location. Furthermore, our study quantifies the length scale of feature

propagation, shedding light on the spatial extent of microstructural pore occurrence within the composite.
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These findings have significant implications from a characterisation perspective to aid modelling approaches
and manufacturing processes for high-performance composite prepregs tapes.

1. Introduction

Unidirectional thermoplastic composites are materials with com-
plex microstructural features. Recent studies revealed that microstruc-
tural analysis can be used to establish the relationship between the
manufacturing parameters and the microstructural features [1]. The
first step in this direction is the development of methodologies that
allow the identification of relevant features and evaluate their in-
terrelations in various scales. With this goal in mind, the authors
have previously introduced novel metrics to characterise fibre archi-
tectures in unidirectional thermoplastic composite prepregs, which ad-
dress fibre tortuosity, collective fibre bundling effects and fibre network
interconnectivity [2].

Porosity is strongly related to material processing, mechanical per-
formance, and quality assessment of composites. Recent studies em-
phasise the importance of understanding the spatial characteristics of
surface evolution and porosity in tapes, particularly with respect to
defect analysis and the development of intimate contact [3]. Pore
evolution is also relevant to the study of deconsolidation and con-
solidation phenomena during material processing [4,5]. Interestingly,
pores, conventionally considered defects, can be deliberately designed
within thermoplastic prepregs to create pathways for easier through-
thickness or in-plane air removal, influencing material design and
optimisation [6].

The spatial morphology of the reinforcement was found to affect
permeation in thermoplastic composites through-thickness impregna-
tion [7]. Additional studies propose qualitative observation of a pos-
sible link between pore locations and fibre tortuosity at a single fibre
resolution in unidirectional composite tapes [8] and misalignment de-
rived from structure tensor analysis in unidirectional consolidated lam-
inates [9]. The pore distribution may therefore not be randomised, but
rather linked to other microstructural features. The quantification of
the link between pores occurrence and fibre architecture characteristics
should be further investigated.

Microstructural information of unidirectional composites can be
successfully obtained by X-ray Computed Tomography techniques,
which can allow to obtain three-dimensional (3D) insights into the
pore morphology and distribution in composite laminates [5,10,11].
While recent work leveraging Computed Tomography-based techniques
was able to highlight the in-situ mechanical response of composites
in relation to kink band formation under compression in the pres-
ence of defects [9], a clearer understanding of the different scales of
organisational features is required.

The goal of this work is to understand the interrelation of different
microstructural features at the fibre and pore levels in unidirectional
composite prepregs, by developing an analysis methodology for 3D X-
ray micro-computed tomography data at a single fibre resolution. A
development-grade material with a thermoplastic matrix with complex
manufacturing-induced pore morphologies was used. The investigation
leads to the quantification of local microstructural phenomena linking
tortuosity and the spatial propagation of porosity. This study aims
to better understand the microstructural characteristics in unidirec-
tional thermoplastic composites, with implications for manufacturing
processes and material properties.

2. Methodology

This section describes the methodology followed for analysing 3D
datasets of a unidirectional carbon fibre-reinforced composite prepreg.
The data was obtained via X-ray microcomputed tomography and it
was post-processed to extract information regarding the distribution of
fibres and porosity.

2.1. Material

The unidirectional tape used is a development grade of Toray
Cetex® TC1225 and was manufactured by Toray Advanced Composites.
The tape used has standard modulus carbon fibre reinforcement and
thermoplastic matrix. The material is the same used in previous work
by Gomarasca et al. [8]. A portion of the tape of about 2.5 mm in width
measured orthogonal to the main fibre direction, and 10 mm along the
main fibre direction was cut and used for microstructural analysis.

2.2. Tomographic image collection

The data was acquired via X-ray micro-computed tomography (XCT)
with a Zeiss Xradia 520 Versa at Naturalis Biodiversity Center, Leiden.
3D volume acquisition was obtained with a 2000 x 2000 pixel detector
in binning mode 1, 4x magnification lens, voltage of 70 kV, power
of 5 W and an exposure time of 7 s. A schematic of the sample
configuration during the measurement is provided in Fig. 1. The sample
was mounted with the fibre principal alignment direction oriented
vertically, and a detector-sample distance of 40 mm. The volume re-
construction was conducted with the software Scout-and-Scan™Control
System Reconstructor (Zeiss) as a standard reconstruction. The settings
led to a voxel size of 0.7788 pm. The dataset is available at Ref. [12].
Three scan volumes have been stitched in the fibre length direction
with an overlap of 21%, for a total scan volume length of about
3500 pm. Of that volume, a scan length of 3000 pm was selected for
the analysis.

2.3. Segmentation of features of interest

The data was first reduced to 8 bits in Fiji [13] via linear scaling to
reduce the computational cost, and then manually registered. This lead
to a volume used for the analysis measuring 1200 pm in the tape width
(transversal to the fibre direction), 160 pm along the tape thickness and
3000 pm in the tape length (parallel to the main fibre direction).

To assess the spatial propagation of the features of interest, the
total scan volume was split into six sub-volumes 500 pm long along
the principal fibre alignment direction z. Representative cross-sections
for Sub-Volume 1 are shown in Fig. 2. The tape orientation shown in
Fig. 2, and the definition of a top and a bottom surface, do not relate to
the tape orientation during manufacturing. The subdivision of the tape
into individual sub-volumes allows the neglect of long-range variations
in tape profile due to bending and rotation. The z direction was chosen
as it is expected that unidirectional composites will present features
that will be preferentially retained along that axis. All the analyses
conducted, unless highlighted explicitly in the text, were performed
based on the distinction between sub-volumes.

The objective of the segmentation step is to distinguish fibres and
porosity. Fibre and pore space segmentation was performed in Fiji using
the Weka Trainable Segmentation (Weka) plugin [14], which is a train-
able machine learning tool that performs pixel-based segmentation.
Segmentation was performed generating two distinct classifiers: one to
identify fibres and one for recognising porosity and air surrounding the
tape. A training set based on ten equidistant xy cross-sections extracted
from the total scan volume of 3000 pm was used.

The obtained segmented images related to porosity were further
processed via morphological operation of 3D opening with a 3D ball
element of 1 voxel radius in Fiji to reduce noise in the segmentation.

Following the distinction between fibres, porosity and air surround-
ing the tape for each sub-volume, the following approach was im-
plemented. First, close (internal) and open porosity regions are dis-
tinguished, and a global boundary for the tape at each sub-volume
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Fig. 1. (a) Detail of the sample holder used; (b) schematic of the sample mounting for the XCT measurement, and of the scanned region of interest. The z axis corresponds to

the fibre principal alignment direction in the sample.

Fig. 2. Cross-sections derived from X-ray microcomputed tomography data for Sub-Volume 1, with reference to the planes (a) xy; (b) xz; (¢) yz.

location was determined to identify open pore areas which pertain
to the tape region, defined as surface pores. Secondly, the segmented
fibres are converted into fibre path trajectories to further quantify the
parameters of interest.

2.3.1. Internal and surface porosity

A 3D connected region analysis was conducted on the pore space in
Matlab with the functions ‘bwconncomp’ and ‘regionprops’ to identify
individual pores for further quantification. A 26-connectivity criterion
was used for each voxel, which considers both faces, edges, and corners
to touch in defining connected components.

Two categories of porosity can be distinguished. Internal (close)
pores were defined as 3D regions entirely embedded in the tape. Com-
plex open pore networks of non-impregnated areas are also observed,
which communicate with the air surrounding the tape. The surface

porosity of pertinence to the tape was identified via the definition of a
tape boundary for each sub-volume.

A schematic of the workflow conducted in Matlab for the tape
boundary determination per sub-volume is shown in Fig. 3(a)-(c), in
reference to the xy cross-sectional plane. The segmented tape profile
for each xy cross-section within the individual sub-volume was first
considered as in Fig. 3(a), where open pore regions are shown in black,
and regions occupied by the tape are shown in white. To determine
the tape boundary in each sub-volume, the fraction of voxels occupied
by the tape for each location on the xy plane have been considered,
as shown in Fig. 3(b). Voxels highlighted in yellow indicate certainty
of belonging to a tape area throughout the entire sub-volume, while
the ones shown in blue belong to open pore regions. A threshold
of 0.07 was used to binarise the normalised count map, to exclude
regions with a very low probability of locating inside the tape area,
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Fig. 3. Workflow for boundary extraction for Sub-volume 1: (a) segmented view where the regions showing open pores (black) and tape (white); (b) normalised count of voxels
showing the likelihood a voxel to locate inside the tape area; (c) resulting surface porosity after boundary definition, shown in cyan.

and subsequently processed via a morphological operation of opening
with a circular element of 3 voxels size as a noise removal step. The
contour of the region identified was defined as boundary of the sub-
volume and identified via the Matlab function ‘bwtraceboundary’. The
defined boundary represents the mesoscopic variability of the tape in
each sub-volume. For each sub-volume, the connected pore regions
falling between the boundary the xy cross-sections were defined as
surface pores, which are shown in cyan in Fig. 3(c).

2.3.2. Fibre path reconstruction

Within the tape boundary for each sub-volume, the segmented cross-
sections on the xy plane were averaged in groups of five (corresponding
to a scan length of about 39 pm) as a data reduction scheme, as in
previous work [2]. The resulting image stack was then analysed with
Trackmate, a plugin available in Fiji that allows one to identify and
track circular objects moving in 3D space, or time [15]. A detector
employing a Laplacian of Gaussian filter and a reference fibre diameter
of 6 pm was applied to identify the fibre centres. The selected tracker
for fibre reconstruction was based on the Simple Linear Assignment
Problem [15], with a maximum linking distance between fibre centres
of 5 pm, an in-plane maximum gap-closing distance of 5 pm and a
gap-closing distance along the main fibre alignment direction of 45
data-reduced xy cross-sections (corresponding to an axial length of
225 pm). The gap-closing distance chosen is meant to facilitate fibre
trajectory reconstruction in the presence of segmentation artefacts that
might otherwise result in a partial portion of fibres not being recognised
as one single entity. Detected fibres longer than 60 pm were further
analysed. While the fibres studied are in principle long and continuous,
the threshold allows to include in the analysis partially captured fibres
at the left and right sides of the tape moving in and out of the scan
volume, fibres that might have a broken end, as well as portions of
long fibres misinterpreted as separate fibre segments.

The fibre trajectories so obtained were further processed in Matlab.
Non-defined values in the fibre trajectories have been reconstructed via
the linear interpolation function ‘fillmissing’. The fibre paths were then
smoothed via local regression using weighted linear least squares and
a 2nd degree polynomial model with an interpolation length of 39 pm.

3. Quantification of metrics for the material description
3.1. Description of pore features

For each sub-volume, the variability in the distribution of porosity
was first assessed by the local pore fraction P, determined on a voxel
basis for the three projection planes xy, zy and xz as the fraction of
voxels occupied by pores at each cross-sectional location.

The geometrical characteristics of individual internal and surface
pores were then quantified via ellipsoid approximation based on their
principal semi-axes. The metrics proposed in the work of Mehdikhani
et al. [10] were used for comparison, namely Roundness (R), Geomet-
rical Mean (GM) and Elongation (E):

c
R=7 (€Y

M = (ch)'/? @)

a
E=— 3
GM
where a, b, and ¢ are the semi-major, semi-medior and semi-minor axes

of the approximated ellipse. Pores with a volume greater than 1 voxel
were considered for this analysis.

3.2. Fibre differential tortuosity

The differential tortuosity of fibres was defined as in previous

work [2,8]:
a_ L
=——-1 4
4 Lo )

where L is the fibre length, and L, is the length of the scan space in
the principal fibre alignment direction over which L is evaluated. The
parameter represents the trajectory deviation of a fibre from a perfectly
straight path in the principal alignment direction. A fibre perfectly
aligned to the main fibre direction will have a tortuosity of zero. The
more alignment is lost in the fibre, or the more the angular deviation
from the alignment direction is, the more tortuosity will increase. The
logarithm of tortuosity will be considered in the analysis.

In this work, differential tortuosity was calculated on a sliding
window aligned with the principal fibre alignment direction z of L =
43 um, equivalent to approximately 6-7 times the fibre diameter. The
value was considered small enough to retain local properties, while
allowing for an extent of local homogenisation and noise removal.
A schematic of the calculation is shown in Fig. 4. The window of
calculation moves along each fibre trajectory to account for varying
fibre length and to obtain a 3D distribution of the parameter.

3.3. Data reduction of pore regions and differential tortuosity for feature
correlation

In the sample studied, pores tend to locate in-between fibres as
qualitatively visible in Fig. 2. Local tortuous behaviour might influence
pore locations, and possibly create far-field effects. To study possible
correlation of tortuosity and pore locations, the following method was
developed. A max-filter was applied both on the binarised segmented
pore volume and on the linearly interpolated differential tortuosity
values as an image processing step to consider a translation tolerance
for the compared features. Subsequently, differential tortuosity was
compared at a voxel level to pore-free, internal, and surface porosity
regions.

An example of image processing induced by the max-filter operation
is shown in Fig. 5 for the case of the porosity distribution. The max-
filter works through a moving kernel, over which only the maximum
value is retained. In this work, a cubic kernel of 15 voxels on each side
(equivalent to 11.7 pm, about 1.5 times the fibre diameter) was used as
a moving window across the volume, with a stride of 15 voxels and no
padding. A sensitivity analysis on the effect of the kernel size can be
found in the Supplementary Material.
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Fig. 4. Schematic for the calculation of differential tortuosity: represented on the left is the edge of the fibre, on the right at the centre of the fibre. In black is shown the point
of calculation of local tortuosity, and in orange the window of calculation over the distance L, aligned to the principal alignment direction z. L is the length measured along the

fibre trajectory.
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Fig. 5. (a) Segmented porosity cross-section on the xy plane, where pores are
highlighted in white; (b) same cross-section after max-filtering with a cubic element of
15 voxels side, corresponding to approximately 1.5 times the fibre diameter.

3.4. Determination of characteristic lengthscales of differential tortuosity
and pore regions

The propagation of porosity and differential tortuosity along the
volume studied was assessed via the determination of their charac-
teristic lengthscales based on spatial similarities of xy cross-sections
of the max-filtered parameters. The use of spatial similarity analy-
sis was used in the study of tow-based discontinuous composites via
cross-correlation equations to extract information on the characteristic
lengthscale of strain fields [16] and in unidirectional composites to
study fibre misalignment in microscopy images [17]. Alternative ways
for detecting similarity in arrays are Sum of Square Differences [18],
Sum of Absolute Differences [19], and Euclidean Distance [20], which
are conceptually similar approaches that can be applied to observe
parameter variations at a voxel level. In this work, feature similar-
ity analysis was conducted on binarised volumes by considering a
normalised Sum of Absolute Differences (nSD) formulation:

Nij

nSD(z;,z;) = NLU ; ‘(A‘-)k — (A 5)
where z is the principal fibre alignment direction, 4; and A; are two
binarised cross-sections at locations i and j along z and N;; is the
combined number of voxel locations related to the feature observed for
the two cross-sections (for the pore network, the pore voxel locations;
for the tortuosity distribution, the voxels with value greater than the
median). In the case of a binarised volume, the range of nSD goes from
0, indicating no change in the voxel values between the two slices,
to 1, indicating a change in all voxels considered. A schematic of the
calculation applied on a simplified case study is reported in Fig. 6.

4. Results and discussion
4.1. Porosity

4.1.1. Quantification of cross-sectional pore clustering

Fig. 7(al), (a2) and (a3) show the porosity fraction P, determined
for each voxel location on the projection planes xy, xz and yz for Sub-
volume 1. The maps corresponding to all sub-volumes can be found in
the Supplementary Material (Section 1).

The pore fraction maps highlight that pores are not distributed
homogeneously in the three projection planes considered for each sub-
volume. On the xy plane high pore fraction regions tend to appear
at discrete cross-sectional locations. The yz plane shows an edge-core
effect in the distribution of the porosity fraction, with a higher pore
fraction on the top and bottom surfaces of the tape. On the xz plane,
the porosity fraction appears more homogeneously distributed.

Based on the pore fraction distributions on the three reference
planes xy, yz and xz, the extent of pore clustering on each of the
three planes have been evaluated. Pore clustering indicates the extent
to which pores are located in a limited (clustered) region on a reference
plane or whether they are more homogeneously distributed. To quan-
tify this characteristic, the fraction of the reference plane occupied by
regions with P, > 0.4 (meaning that pores occupy more than 40% of
the voxels at those cross-sectional locations), and by low pore fraction
regions with P, < 0.01 (corresponding to less than 1% pores), were
evaluated. The results are shown respectively in Fig. 7(b1) and (b2).
The xy plane shows both the highest percentage of high-P, regions,
up to 7% compared to less than 1% for the yz and xz planes, and the
highest percentage to low-P, regions, up to 80% compared to less than
20% for the yz and xz planes. Clustering of high P, regions on the xy
plane, compared to yz and xz, suggests a preferential global orientation
of the pore network with the main fibre direction z and a greater spatial
variability of the porosity distribution across the tape width. The results
were consistent for all sub-volumes, supporting the choice of z as the
direction of feature propagation in Section 3.4.

4.1.2. Geometrical analysis of internal and surface pores

A 3D view highlighting the different cross-sectional distributions
of internal and surface pores for Sub-volume 1 is shown in Fig. 8(a).
The through-thickness edge-core distribution of the pore fraction shown
in the previous section in Fig. 7(a3) was observed in more detail in
Fig. 8(b), where each line for each pore class refers to a different
sub-volume. Consistently for each sub-volume, a higher pore fraction
was found on the bottom side of the tape, and it can be mainly
attributed to surface pores. Internal porosity appears less pronounced
but shares the tendency to an edge-core effect, which overlaps with the
through-thickness locations of surface pores. Fig. 8(c) highlights that
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Fig. 6. Simplified example of the application of the similarity method (a) slice 4;, pore voxels highlighted in grey; (b) slice A;, pore voxels highlighted in grey; (c) resulting map
of nSD values for the global pore voxels in the two slices, counting a global number of pore locations N;; = 15. The intersection of the pore regions are highlighted in orange (6
voxels), while the regions not overlapping are shown in purple (9 voxels), resulting in a value of nSD = 9/15 = 0.6.
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Fig. 7. For Sub-volume 1, pore fraction (P;) maps for the three projection planes (al) xy, (a2) xz and a3) yz; for all sub-volumes and the three projection planes, fraction of
cross-section occupied by (b1) high pore fraction (P, > 0.4) and (b2) low pore fraction (P, < 0.01).

the thickness affected by surface porosity can exceed half the thickness
of the tape. However, no connected pore paths were found between the
top and the bottom surfaces.

The morphology of internal and surface pores was analysed based
on ellipsoid approximation in Fig. 9, which shows the aggregated
results from the entire scan volume, in this case without considering the
artificial boundaries created by the subdivision in distinct sub-volumes.
The three parameters considered are compared to the pore volume V,,
shown on the horizontal axis, which is measured based on pore voxels,
and each pore is shown as a single datapoint. Roundness decreases
from a value of 1 (perfectly circular cross-section) towards a value of

zero (flattened cross-section) with increasing pore volume v, for both
internal and surface pores, as seen in Fig. 9(a). Surface pores tend to be
flatter at the same volume than internal pores. The Geometrical Mean
of the two smaller semi-axis shown in Fig. 9(b), which indicates the size
of the pore cross-section, increases with V,. A similar parameter trend is
found for internal and external pores in log-log scale, but with a larger
range for surface pores. Elongation, which relates the major semi-axis
to the Geometrical Mean, also increases with V,, at a higher rate for
surface pores than for internal pores, as shown in Fig. 9(c). The result
indicates the general tendency of larger pores to have a higher aspect
ratio between their length and cross-sectional dimension. Additional
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fraction P;; (c) coordinate of the maximum inner edge of the top and bottom surface pores.
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Fig. 9. Geometrical characteristic of pores as a function of pore volume (V,) for the full scan, for (a) internal pores; (b) surface pores. Pore volume and Geometrical mean are

expressed in logarithmic scale.

information on the statistics of internal and surface pores can be found
in the Supplementary Material (Section 2).

4.1.3. Implications on tape manufacturing processes

The methodology here developed for the porosity description in
freestanding unidirectional composite tapes allowed to highlight fea-
tures of relevance for tape manufacturing control. The tape boundary
definition used to identify surface porosity enabled the identification
of both surface pores affecting the inner tape portions and surface
pores more strongly related to the surface topology of the tape. The
boundary definition for each sub-volume highlighted an overall straight
geometry of the top and bottom tape surfaces, as visible in Figs. 3(c)
and 8(a). Surface pores at the top and bottom edges and internal pores
constitute a discontinuous network. The tape manufacturing process
and consolidation step strongly influence surface porosity. Similar com-
plex surface pore features have been reported in the manufacturing
of thermoplastic prepregs from aqueous polymer slurry [6], and the

methodology proposed in this work show the potential to further
explore the characteristics of such materials in relationship to their
performance.

Pores developing through the tape thickness are expected to neg-
atively affect the local transverse strength of the tape; however, in
the case of surface pores, they might provide advantages for air evac-
uation during subsequent processing, as seen in the case of partially
impregnated prepregs [6]. The surface porosity related to the topo-
logical variability of the tape is instead more strongly associated with
the roughness of the tape surface. In the case studied, where the
tape surface is matrix-poor, local fibre path deviations from the main
alignment direction z of the exposed fibres on the tape surface can be
qualitatively observed, which is expected to influence both the tape
surface roughness, and the consolidation performance [21]. The portion
of surface pores linked to roughness is expected to disappear during
part manufacturing and might positively contribute towards intimate
contact development [3].
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Fig. 10. Examples from Sub-volume 1 of (a) xz cross-sections of the scan volume; (b) corresponding segmented pore views, indicating internal pores in dark blue and surface
pores in cyan. The full cross-sections are available in the Supplementary Material (Section 3).

Details of the spatial arrangement of pores on the xz plane are
represented in Fig. 10, and more extensive examples are provided
in the Supplementary Material (Section 3). Both internal pores (in
blue) and surface pores (in cyan) might appear on xz cross-sections
as separate ‘collapsed’ entities aligned in the principal fibre direction
z inbetween the same fibres. Similar pore formations were observed
in unidirectional thermoset composites as a result of the collapse of
larger pores [22]. It is therefore possible that in the tape here analysed
the same features might similarly originate from the degeneration of
larger pores during processing. In particular, Fig. 10 highlights that
surface and internal pores are found at multiple locations to align
along the z direction in close proximity, which suggests that part of
the internal pore population could originate from the collapsed surface
porosity. Overlaps between internal and surface pores were shown
in their through-thickness distribution in Fig. 8(b) and in the cross-
sectional clustering on the xy plane in Fig. 7(a), further suggesting
that propagation between the two pore classes. The portion of sur-
face pores entering the tape thickness might be more closely related
to pore network propagation to internal porosity, and might favour
air evacuation during consolidation [6]. The hypothesis formulated
through the tape analysed could be applied to further understand the
tape manufacturing process in the mechanisms of porosity evolution
during resin impregnation.

4.2. Differential tortuosity

Differential tortuosity 7, was evaluated for each fibre at a local level
to obtain a 3D distribution of the parameter. Fig. 11(a) shows a projec-
tion on the xy plane of the maximum differential tortuosity values for
each fibre in Sub-Volume 1, highlighting the cross-sectional variability
of the parameter in logarithmic scale. Values of log,y(z;)>0 shown
in yellow indicate highest tortuosity values of 1, while log;((z,)>—4
in purple indicate values of tortuosity of 0.0001. The tortuosity maps
corresponding to all sub-volumes can be found in the Supplementary
Material (Section 4).

Some fibres are observed to move along trajectories with high
tortuosity and misalignment, traversing the tape thickness or migrating
along the bottom surface. Two such high-tortuosity fibres traversing
the region marked with a black dashed square in Fig. 11(a) are high-
lighted in Fig. 11(b) in magenta and blue respectively, at two different
locations along the tape length z. The trajectories of both fibres appear
to intercept pore locations, visible in a darker colour in the greyscale
image.

The through-thickness distribution of local tortuosity shown in
Fig. 11(c) highlights an edge-core effect with higher tortuosity at the
tape surfaces, especially pronounced in the 97.5% quantile of the
distribution, consistently for all sub-volumes.

4.3. Relationship between pore distribution and fibre tortuosity

Qualitative observations of a correspondence of the spatial distri-
bution of both pores and tortuosity for Sub-Volume 1, corresponding
to a lengthscale of 500 pum, can be seen in the projection plane xy
by comparing Fig. 7(a) with Fig. 11(a) and (b). Higher tortuosity can
be found at similar cross-sectional locations of higher pore fraction
regions. The same observations can be extended for all sub-volumes
with reference to the Supplementary Material (Sections 1 and 4),
suggesting that possible correspondences between tortuosity and pore
distribution might remain valid both at a local and over longer length-
scales, possibly due to the propagation of both parameters along the
main fibre alignment direction.

Further indication of a correspondence of the two descriptors can
be provided by their through-thickness edge-core effect, with higher
porosity and tortuosity at the tape edges, shown in Figs. 8(b) and 11(e).
On the very tape surfaces, the greater freedom of fibre displacement
translates to higher tortuosity, causing surface topological changes
which are included in the definition of surface pores here proposed.
In the case of thermoset unidirectional composite processing, pores
can get trapped between fibres closer than a characteristic thresh-
old [23], which is the case where high tortuosity and misalignment
are present in conjunction to high fibre volume content. Comparable
effects could be induced during thermoplastic tape manufacturing in
the presence of similar features of the fibre architecture, depending on
the impregnation strategy.

4.3.1. Correlation of pore distribution and fibre differential tortuosity

The 3D distributions of tortuosity, internal pores and surface pores
were data-reduced by max-filtering as described in Section 3.3, and
compared on a voxel-by-voxel basis. For each pore voxel, and for each
pore-free voxel, the corresponding value of tortuosity was reported in
Fig. 12(a) with differential tortuosity shown in logarithmic scale. Each
line shown represents a distinct sub-volume. In the material studied,
the methodology proposed was able to capture that distribution of
tortuosity values intercepted by internal and surface pores shows a
shift towards higher values compared to pore-free regions, consistently
for all sub-volumes. In particular, regions with the highest range of
tortuosity /og,o(zr;)>-2 (corresponding to 7,>0.01) are found in surface
pores and internal pores, but not in pore-free regions, highlighting
the relevance of high tortuosity features on the pore population. In
particular, surface pores are shown to have a larger tail of the distri-
bution towards higher tortuosity values, suggesting a greater influence
compared to internal pores. The results show consistency across the six
sub-volumes, indicating that the conclusion is valid over an extended
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on their maximum local tortuosity value; (b) two fibre centres with visible ovalization moving in high-tortuosity, one highlighted in magenta and one in blue, tracked at two z
locations in the blue dashed regions in (a); (c) through-thickness distribution of differential tortuosity, each line corresponding to a different sub-volume. The median value, 2.5%
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Fig. 12. (a) Differential tortuosity values in correspondence of pore-free regions, internal pores and surface pores for all sub-volumes; (b) above: miniature image recalling the
pore fraction distribution on the xy plane for Sub-volume 1 shown in Fig. 7 (al); below: the same pore fraction distribution was masked in black, to display in colour only the
pore probability overlapping to fibre trajectories in the higher tortuosity range with a maximum /og ,(z,)>-2.

lengthscale. locally enhance the visibility of areas of high tortuosity values to
An added advantage of using data reduction is that small shifts

between parameters are automatically taken into account. In princi-
ple, no fibres (hence, not tortuosity values) are present at exact pore
locations, preventing an effective correlation. Through max-filtering

assess their influence on the surrounding microstructure, which is of
value for the analysis. To clarify the effect of the max-filter element

size results obtained, a sensitivity analysis was conducted as reported

with an adequately sized kernel, the local microstructural information in Supplementary Material (Section 7). The results of the sensitivity
can be more easily compared. Max-filtering might restrict the range analysis highlight that the results shown are still valid in the range of
of tortuosity values by cutting its lower range, but it is expected to element sizes employed.
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Fig. 13. (a) Meandering fibre visible inside the blue circle, at different locations along the tape length, and subsequent disappearance of the corridor generated in the last frame;
(b) manually tracked meandering fibre paths for Sub-Volume 1 to 5 projected on the xy plane, overlapping to the fibre trajectories with a maximum /og,,(z,)>—2 for Sub-Volume
1, shown in white. The cross-sectional region shown in (a) is highlighted in a dashed square.

A possible explanation of a relationship between tortuosity and pore
distribution is at the level of microstructure formation, as anticipated
in Section 4.1.2. Regions with higher local tortuosity could generate
cavities and barriers to resin flow during impregnation [23], creating
far-field effects on the pore evolution. Furthermore, pore pressure can
impose significant fibre movement in the case of thermoset matri-
ces [23], and a similar effect might occur in higher viscosity systems
such as thermoplastic matrices. Pore evolution might therefore also
influence to a degree the local fibre architecture in its immediate
surroundings. Features such as collective bundling effects of fibres, fibre
network connectivity [2], fibre neighbours contacts [2,24,25] and local
fibre volume fraction could also impact the pore distribution and should
be addressed in future research to improve our understanding of the
mechanisms of microstructure formation.

4.3.2. Meandering fibres in high-tortuosity regions

The methodology developed highlighted strong interactions be-
tween high-tortuosity regions and the pore distribution. For the tape
studied, the fibres in the highest tortuosity range move along prefer-
ential corridors running transversally to the thickness of the tape and
along its lower edge with high misalignment from the principal fibre
alignment direction. Examples are provided in Figs. 11(b) and 13(a).
Since pores appear linked to high tortuosity regions in the tape studied,
meandering fibres populating high tortuosity corridors constitute a key
feature.

Such meandering fibres represent mechanically weaker points in the
tape, and might initiate fracture [26], but might also lead to crack
branching [27]. Furthermore, because carbon fibres are conductive,
through-thickness fibre migration could constitute topology-dependent
electrical percolation pathways [28] with possible consequences on the
electrical conductivity of prepregs for processing techniques such as
induction welding. Meandering fibres constitute, therefore, a disruption
of the microstructure that should be carefully controlled and tailored
during manufacturing.

One possible hypothesis is that the presence of individual meander-
ing fibres across the tape thickness might originate from local variations
in tension across the fibre tow. Tension differences within the tow can
occur during manufacturing; however, in the case of single meandering
fibres, the loss of tension might result from the rupture of individual
filaments on the tow surface due to frictional forces during dry tow
spreading [29]. Limiting the degree of fibre breakage through control
of the spreading process could, therefore, result in lower meandering
fibres and more aligned microstructures, with reduced porosity events
downstream in the manufacturing process.

Characterisation routes such as laser measurement units can be
integrated as in-line techniques to aid in identifying broken fibres and
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improving the manufacturing control [30]. Meandering fibres travers-
ing the thickness of prepregs with conductive fibre reinforcement,
such as carbon fibres, could be identified via electrical conductivity
measurements based on six-probe methods [28] and Eddy current
testing [31]. In the application of 3D techniques such as lower resolu-
tion X-ray micro-computed tomography analysed with structure tensor
method [32] and X-ray scattering tensor tomography [33], care should
be used in avoiding excessive homogenisation of the microstructural in-
formation, as single fibre triggering events for larger scale phenomena
might otherwise get missed.

Meandering fibres show high cross-sectional ovalization on the xy
plane and appear to move along resin-rich corridors, as also reported
in the work of Yu et al. for highly misaligned fibres [34]. Local
ordering effects are observed around such corridors, consisting of fibre
alignment along the sides of the trajectory of meandering fibres, which
are retained both before and after its passage. The meandering fibre
highlighted in Fig. 13(a), which corresponds to the blue curve in 13(b)
in Sub-Volume 3, appears in the field of view shown at about z =
1065 pm and exits it at z 1095 pm, however, the corridor effect
generated along its passage can be qualitatively observed to disappear
only 270 pm further in the principal alignment direction, at about z
= 1370 pm. In general, the lengthscale affected by the transit of a
meandering fibre is observed to be influenced by the tortuosity of the
fibre. The local ordering effect around resin corridors left by fibres with
high tortuosity and misalignment might be related to far-field effects on
the surrounding microstructure and cause greater disruption in regions
with high fibre volume fraction, which is the case in this work.

In the workflow used, the detection of meandering fibres is a
tedius process due to their out-of-average behaviour. Trackmate might
not recognise high tortuosity fibre correctly especially in the case of
high ovalization of their transversal cross-section. A careful selection
of the “gap closing distance” was useful to link partially detected
portions of a fibre, however, loss of information was still observed.
The trajectories of some manually-tracked meandering fibres located
in a high-tortuosity corridors in five consecutive sub-volumes are here
reported Fig. 13(b). The trajectories of some of those fibres span
multiple volumes. A view of the manually traced fibres on the xz
projection plane is shown in the Supplementary Material (Section 5).
The fibres shown were only partially detected in the automated fibre
extraction step. The microstructural information shown in Fig. 11(a),
compared to the manually tracked fibres in Fig. 13(b), suggests that
the overall effect of the high-tortuosity corridors was still conveyed in
the analysis at the sub-volume scale. If more accuracy was needed in
future work to strengthen the analysis further, the authors recommend
image-pre processing techniques to facilitate distinguishing misaligned
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Fig. 14. Distance map of the similarity score nSD for the full scan volume in relation to the xy plane and a cubic max-filtering element of 15 voxel side for (a) pores and (b)
differential tortuosity; (c) histogram of the similarity score nSD for pore network and high differential tortuosity, with the selected threshold of evaluation at nSD = 0.5 highlighted
in a red dashed line; (d) lengthscale of feature propagation for pore and tortuosity regions falling in the range 0 < nSD < 0.5.

individual fibre trajectories at a 3D level [25,35], and finer post-
processing strategies to link partial fibre segments, as shown elsewhere
in the literature [36].

4.4. Determination of the lengthscale of propagation for pore network and
tortuosity

The methodology showcased in Section 4.3.1 highlighted a pref-
erential location of pores in higher tortuosity regions, compared to
pore-free areas, in the material used as the case study. In this section,
a methodology to investigate the spatial evolution of the two features
is applied to assess possible correspondences in their lengthscale of
propagation, based on the method introduced in Section 3.4.

Fig. 14(a) and (b) show the distance map obtained by determining
nSD with a cubic kernel of 15 voxel side for each pair of max-filtered
slices across the full volume for differential tortuosity and pores, re-
spectively. The distance map of the similarity score is symmetrical with
respect to the top-left-bottom-right diagonal. The values of nSD along
said diagonal are obtained by comparing a cross-section with itself,
resulting in a perfect match and, hence, a value of nSD equal to 0,
indicating no change in the parameter distribution. For the same case
of a cubic max-pooling element of 15 voxel size, a summary of the
similarity values for Fig. 14(a) and (b) is provided in the histograms
of Fig. 14(c), which shows nSD in the range of 0 to 0.65 for both
parameters. Based on the analysis performed in the Supplementary
Material (Section 6), a value of nSD = 0.5 was selected as a lower
bound to assess feature similarity. At that value of nSD, half of the
feature distribution is retained, while half has migrated to different
locations. In this case, the 68% of the pore regions and the 19% of
the high tortuosity regions fall in the range of nSD between 0 and 0.5,
corresponding to the highest similarity range. The results indicate that
while most pore regions propagate through the volume, at the scale
observed high tortuosity regions show a greater local fluctuation.

The distribution of distances between xy cross-sections in which
high similarity is encountered, hence with 0 < nSD < 0.5, are reported
in Fig. 14(d). For both the porosity network and high tortuosity regions,
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propagation distances are found up to the range of 2000-3000 pm, going
beyond the limit of single sub-volumes and reaching the edge of the
scan volume analysed. Data related to propagation distances beyond
2000 pm should however be considered with caution due to the limit in
the size of the scan volume and consequent low sampling in the range
2000-3000 pm.

The distribution of propagation distances for the pore network is
wider compared to the high tortuosity, suggesting a greater retention
of characteristic features along the fibre length direction. The results
of pore network similarity might be influenced by the criteria used to
define surface porosity, which is based on a fixed tape boundary valid
at each xy cross-section for a sub-volume and might, therefore, increase
similarity within the sub-volume. However, since the distribution of
propagation distances found is much longer than the 500 pm length of
each sub-volume and that it was taken into account in the definition
of the nSD threshold in the Supplementary Material (Section 4), the
influence of the boundary choice on the results is expected to be
limited.

In the case of tortuosity, a more evident peak in the 400 pm range
can be observed in Fig. 14(d), followed by a tail towards longer
lengthscale values. Since the range of tortuosity that interests pore
locations is wider than the one considered in the lengthscale analysis, a
difference between high tortuosity and pore distribution was expected.
In particular, restricting the range of tortuosity considered corresponds
to isolating parameter variations more strongly influenced by local
characteristics such as meandering fibres.

The similarity assessment was based only on the locations of pores
and high-tortuous regions in their evolution along the alignment di-
rection z. This means that regions that are, for example, pore-free are
not assessed in the similarity analysis. The outcome should be therefore
read as an indication of the stability along z of the pore locations. The
choice was made to ensure that the focus of the evaluation was only
on the features analysed.

Max-filtering creates a degree of local homogenisation in the sim-
ilarity analysis, which can modulate the scale of feature observation
while reducing the computational time. An adequate fine-tuning of
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the kernel used to extract characteristic lengthscales for specific case
studies can aid in defining representative characteristics of the material.
While the method development was conducted with a cubic kernel
with a 15 voxel side, corresponding to about 1.5 times the fibre’s
diameter, different kernel size choices are expected to affect the level
of homogenisation and, therefore, the similarity results. A sensitivity
analysis of the kernel size and its effect on the similarity results is
shown in Supplementary Material (Section 7), which highlights how the
kernel size can modulate the observed scale of features, with smaller
kernels capturing finer details and larger kernels highlighting broader
distributions, although at the cost of increased homogenisation.

The lengthscales extracted through the similarity analysis for each
microstructural feature considered could find application in the def-
inition of Representative Volume Elements (RVE). RVE tailored to
consider specific lengthscales of microstructural variability for different
fibre and pore features might allow for more accurate modelling of
composite prepregs. Due to the low sampling at the edges of the scan
space, however, it is advisable that larger portion of the material should
be assessed to the extinction of the features observed.

5. Conclusion

The work focused on the 3D microstructural analysis of an exper-
imental unidirectional prepreg based on X-ray microcomputed tomog-
raphy data, with a focus on the characterisation of its pore network
and fibre architecture characteristics. To assess the consistency of the
findings, the scan length was split into six sub-volumes in the principal
fibre alignment direction to analyse the features of interest.

Pore distribution analysis indicated a tendency for both surface and
internal pores to cluster in areas with increased tortuosity, indicating
a complex relationship between pore evolution and fibre architecture
that needs further investigation. This correlation suggests a strong con-
nection between porosity evolution and fibre paths, and in particular
potential interactions between pore distribution and meandering fibres,
characterised by high tortuosity and misalignment. The results suggest
that single meandering fibres can trigger larger-scale phenomena, fea-
tures that might get overlooked in common homogenisation approaches
typical of multiscale studies. A possible origin of meandering fibres is
from the rupture of long fibres by friction during dry tow spreading,
with consequent loss in tension. Early steps in the manufacturing
process might, therefore, profoundly affect the final tape microstructure
and lead to porosity events downstream in the process. The optimi-
sation of the tape manufacturing process is of prime importance in
controlling the final prepreg microstructure.

The quantification of characteristic lengthscales of the pore network
and tortuosity along the principal alignment direction showed feature
propagation across multiple sub-volumes. This work strongly indicates
that the characteristic scale of feature propagation is beyond the cur-
rent observation scale, emphasising the need to acquire larger volumes
to assess characteristic lengthscales in unidirectional composite tapes.
A deeper understanding of lengthscales of feature propagation might
find application in developing more accurate representative volume
elements of the tape microstructure.

The work is focused on the methodology development for the anal-
ysis of unidirectional composite tapes with complex pore structures,
hence the extent to which the volume analyses is representative of
the whole tape is not discussed. For a complete characterisation of a
unidirectional tape and assessment of its variability, microstructural
studies at multiple locations along the principal fibre direction and
in the transversal direction would be advisable. Such a study could
help clarify the effect of manufacturing processes that lead to the tape
microstructure, and the tape performance in engineering practice.
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