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Abstract: The aim of this study was to characterise the microstructural organisation of staple carbon
fibre-reinforced polymer composites and to investigate their mechanical properties. Conventionally,
fibre-reinforced materials are manufactured using continuous fibres. However, discontinuous fibres
are crucial for developing sustainable structural second-life applications. Specifically, aligning staple
fibres into yarn or tape-like structures enables similar usage to continuous fibre-based products.
Understanding the effects of fibre orientation, fibre length, and compaction on mechanical perfor-
mance can facilitate the fibres’ use as standard engineering materials. This study employed methods
ranging from microscale to macroscale, such as image analysis, X-ray computed tomography, and
mechanical testing, to quantify the microstructural organisations resulting from different alignment
processing methods. These results were compared with the results of mechanical tests to validate and
comprehend the relationship between fibre alignment and strength. The results show a significant
influence of alignment on fibre orientation distribution, fibre volume fraction, tortuosity, and me-
chanical properties. Furthermore, different characteristics of the staple fibre tapes were identified and
attributed to kinematic effects during movement of the sliver alignment unit, resulting in varying
tape thicknesses and fuzzy surfaces.

Keywords: staple carbon fibres; fibre alignment; computer vision; computed tomography

1. Introduction

Fibre composites, especially carbon fibres (CFs), have recently gained significant at-
tention due to their high strength and stiffness. Fibre-reinforced composite materials have
been increasingly utilised in various industries due to their unique properties, such as
high strength-to-weight ratios and excellent durability. Thus, the demand for composite
materials has increased significantly, resulting in growth in the manufacturing and produc-
tion of carbon fibre-reinforced polymers (CFRPs), which has led to an excess of end-of-life
products [1,2].

Despite their high performance, the limited reusability of carbon fibres poses a signifi-
cant challenge in the composite industry [3–6]. Disposing of carbon fibres and composite
materials after their useful lives presents a significant environmental challenge. Landfilling
or incineration to harness the thermal energy of composite waste are not environmen-
tally sustainable options, and the lack of a feasible reclamation method for carbon fibres
is a critical issue. The development of cost-effective and environmentally sustainable
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recycling methods for carbon fibres is an active area of research; such methods include
mechanical recycling [7,8], chemical recycling [3,7–9], pyrometallurgical recycling [5,10],
solvolysis [5,7], and hydrometallurgical recycling [5,11,12]. Each reclamation method has
its advantages and limitations, as addressed in [3,4,6,13]. After reclamation, mechanical
properties resulting from fibre alignment and fibre organisation have been destroyed.

In comparison to the usage of short fibres, nonwoven materials, or particulate rein-
forcements, the staple fibre architecture in composites is of considerable scientific interest
due to its ability to enhance mechanical properties, such as tensile strength and impact
resistance, through its unique arrangement and interlocking nature, resulting in improved
load transfer and energy absorption characteristics. Recent developments in discontinu-
ous CFs combined with advanced fibre alignment techniques have led to highly aligned
staple fibre composite materials [14] with reasonable stiffness and strength properties
compared to virgin CFRPs [14–18]. Table 1 summarises the current state-of-the-art in fibre
alignment techniques.

Table 1. Comparison of relevant mechanical properties of staple carbon fibre architecture.

Project,
Year

Matrix Fibre

Average
Fibre

Length
(mm)

Fibre
Alignment

Fibre
Alignment
Factor, η0

Calculation
Method of
Alignment

Fibre
Volume
Fraction

(%)

Young’s
Modulus in

the Main Fibre
Direction E11+

(GPa)

Strength in the
Main

Fibre Direction
R11+

(MPa)

HiPerDiF
2013 [19] Epoxy Carbon 3 ±3◦ (67%) ~0.91

2D (in-plane
microscope

images)
55 115 1509

TuFF
2019 [20] Elium Carbon

IM7 3 - - - 30 72 765

TuFF
2019 [21] PEI Carbon

IM7 3 ±5◦ (95%) ~0.98 - 63 173 2668

TuFF 2019 [22] PEI Carbon
IM7 3–7

±5◦
(94%)/±5◦

(87%)
~0.98/~0.91

3D CT/2D
(out-of-plane
microscope

images)

63 173 2668

L.Walker, FHNW
2021 [23] Epoxy Carbon

T700 50 ±10◦ (61%) 0.85 53 99 1203

Khurshid et al.,
2023 [24] PA6 Carbon

(Teijin) 38 - 0.93

2D
(out-of-plane
microscope

images)

45 85 1350

Staple fibre composites are short fibres, typically between a few millimetres and
several centimetres. Unlike continuous fibre composites, which are made of long fibres
aligned in a specific direction, staple fibre composites offer a more flexible and cost-effective
solution for many applications [15]. A critical process aspect of reusing carbon fibres is
alignment, which helps the composite material maintain strong mechanical properties. The
carding process is an essential step in preparing staple fibres for use in composite materials.
This helps to ensure that the fibres are uniform and well-aligned, which is necessary for
achieving favourable mechanical performance in the final composite product. The process
involves several steps to prepare the fibres for use: 1. The fibre flock is opened. 2. The fibres
are aligned through carding rolls covered with wire teeth that comb and align the fibres in
the same direction. The fibres are then formed into a web, i.e., a uniform and continuous
sheet of fibres. 3. The web of fibres is condensed into a sliver. A sliver is a compact and
dense bundle of fibres that can be used for further processing, such as the manufacturing
of yarns or tapes [18,25–27]. Table 1 summarises the state-of-the-art of the mechanical
properties of discontinuous fibre-reinforced composite architectures, depending on the
material and alignment process.

In all of the alignment methods mentioned above, considerable effort is spent in con-
trolling the microstructure during processing to manufacture high-performance composite
materials made from discontinuous carbon fibres that feature homogenously distributed,
orientated, and aligned fibres [8,9]. In comparison to the state of art, it is crucial to un-
derstand the resulting properties from the microscale to the macroscale by multiscale
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characterisation because mechanical behaviour and damage mechanism will be different
compared to continuous fibre-reinforced materials. Multiscale characterization is essential
for its ability to provide a comprehensive understanding of complex systems and materials,
offering advantages such as holistic insight, accurate predictions, tailored solutions, and de-
fect identification, ultimately driving innovation and progress across various fields [28,29].
Hence, it is necessary to use multiscale characterisation methodologies to better understand
the materials’ microstructure and macrostructure; this is the focus of this study. In the
literature, a vast number of methods exist that have been explored within the field of
fibre-reinforced composite materials, such as fibre orientation [30–32], fibre length [33,34],
interfibre spacing [35], fibre diameter [36], fibre connectivity [37], fibre curvature [37],
fibre volume fraction (FVF) [38], and porosity [39,40]. Each microstructural descriptor is
measured using individual approaches by destructive methods, e.g., optical microscopy,
including bright-field and polarised light microscopy [41,42] and mechanical testing, such
as tensile testing or compression testing [11,21,27]; or non-destructive methods, e.g., X-ray-
based techniques, such as X-ray diffraction [43], X-ray computed tomography [35,37,44–47]
and ultrasound computed tomography [48]; ultrasonic testing [49–51], nuclear magnetic
resonance spectroscopy and Raman spectroscopy [52,53]; image analysis using different
algorithms, such as Fourier analysis [54], gradient-based methods, and structure tensor
methods. Destructive testing provides precise measurements but destroys the sample,
while non-destructive testing preserves sample integrity and allows for in situ applica-
tions but may offer less detailed information and require specialized equipment. Here,
X-ray computed tomography facilitates the three-dimensional localization and measure-
ment of microstructural defects such as fibre misalignment. Recent developments have
positioned X-ray computed tomography as a highly promising approach for conducting
three-dimensional non-destructive testing in material analysis and dimensional metrol-
ogy, whereby the methods deliver extensive volumetric insights into material structure,
composition, and both internal and external shapes [37,44].

The fibre orientation distribution (FOD) is an essential parameter that significantly
influences the final mechanical properties because an aligned FOD improves the compaction
behaviour and leads to higher stiffness properties. Fibre orientation has a crucial effect on
the mechanical properties of cured parts. Usually, in laminates made from unidirectional
(UD) layers, all the fibres are assumed to be perfectly orientated in the layers. In reality,
not all fibres are perfectly orientated, especially when working with staple fibres [37]. A
mathematical approach was used to modify the rule of mixture described by Yu et al. [22]
and Kirupanantham [55]:

E11 = η0η1Vf E f + VmEm, (1)

where E11 is Young’s modulus of the composite; η0 is a correction factor for the fibre
orientation; η1 is a correction factor to take into account the overlap length between adjacent
fibres, also called the Cox model [56]; Vf and E f are the fibre properties; and Vm and Em are
the matrix properties. η0 is defined as

η0 = ∑ βicos4θi, (2)

where βi is the frequency of the related fibre orientation angle θi. Consequently, a perfect
fibre orientation will lead to a value of 1. Figure 1 presents three representative FODs with
their related alignment coefficients, η0. According to the shear-lag theory, η1 is assumed
to be 1, as the fibre lengths are >>1 mm. Consequently, there is a nondominant shear-
lag domain.
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Figure 1. Fibre orientation distributions (FODs) with their resulting η0.

The intricate interplay between the alignment process and mechanical properties
stands as a pivotal factor in propelling the evolution of staple fibre architecture within
structural fibre-reinforced composite materials. Thus, the identification of local microstruc-
tural defects and their influence at the larger scales is key to improving performance. To
that end, this study explored and compared methods from the microscale to the macroscale,
i.e., image analysis, X-ray computed tomography, and mechanical testing. The goal was
to quantify different microstructural features such as FOD, FVF, and tortuosity using two
alignment processing methods (low-stretch and high-stretch). First, image analysis based
on 2D ply sections was performed using the structure tensor approach to characterise
FODs. The structure tensor is a matrix that describes the local second-order structure of
an image and is often used in computer vision and image processing for edge detection,
texture analysis and directionality [57]. Second, X-ray computed tomography was used to
reconstruct the fibre architecture at a single fibre path resolution. To identify microstruc-
tural features such as FOD, FVF, and tortuosity, a high level of contrast and a small voxel
size was necessary. Furthermore, the level of homogenisation or representative volume
element (RVE) was addressed in the frame of different region of interest (ROI) volumes.
Lastly, mechanical tests were performed to validate the resulting microstructural features
measured using two characterisation methods.

2. Materials and Methods
2.1. Materials

The methodology was demonstrated using two types of UD staple carbon fibre tapes
with varying alignment processing parameters, designated as low-stretch (LS) and high-
stretch (HS). The average length of a single filament in these tapes was approximately
50 mm, and the average fibre diameter was 7 µm. The fibre used in all samples was of the
standard modulus/high-strength type, T700S-C-12K-50C, following the naming convention
of Toray Industries, Inc. (Tokyo, Japan). Alongside the staple fibre tapes, a virgin reference
plate was produced using a UD carbon fabric with 80 g/m2 using the same T700S-C-12K-
50C tows. The epoxy resin system EPIKOTE™ 05545/EPIKURE™ 778/EPIKURE™ 120
(Hexion, Columbus, OH, USA) was employed in this study, with Marbocote HP7 used
as a release agent. Figure 2 shows optical images of both tape configurations utilised in
this study.
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(b) high-stretch tape, both with a nominal width of 16 mm.

2.2. Specimen Manufacturing

The process of mixing the epoxy system was carried out using a Speedmixer DAC
1100.1 FVZ (Hauschild, Hamm, Germany), with two rounds of 2 min mixing intervals and
reheating the resin to 80 ◦C between each round. Thorough mixing was achieved with
a mixing speed of 1200 rpm while the resin was in its heated state. The resin was then
degassed under a pressure of 100–200 mbar in a vacuum oven at 80 ◦C for 5–7 min to
ensure the removal of any entrapped air. Table 2 summarises the resin mixing method for
the epoxy system.

Table 2. Resin mixing method for Hexion system EPIKOTETM 05545/EPIKURETM 778/EPIKURETM

120.

Name Mixing Ratio (w%) Mixing Temperature (◦C)

EPIKOTE™ Resin 05545 100 80
EPIKURE™ Curing Agent 778 16 25

EPIKURE™ Catalyst 120 3 25

A total of 12 layers of staple carbon fibre tapes and 12 layers of the reference UD
material were laminated to form flat test specimens using a compression moulding tool
with dimensions of 170 mm × 85 mm, as depicted in Figure 3. Resin films with a thickness
of 55 µm and a weight of 60 g/m2 were produced using a hot melt laboratory coater
and laminator, specifically the HLCL-1000 model from ChemInstruments (West Chester
Township, OH, USA). These resin films were then used to manufacture a prepreg by
film-stacking them with carbon fibre tapes in the desired layup configuration.
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The carbon fibre tapes were carefully aligned in parallel. Subsequently, each ply section
was gently compressed using a hand-held flat iron. The iron surface was coated with a
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polytetrafluoroethylene film from Hightechflon GmbH & Co. KG (Konstanz, Germany)
to prevent adherence to the resin film. A total of 12 plies were accurately cut to match the
dimensions of the mould cavity. These plies were then stacked and subjected to vacuum
degassing to ensure proper preconsolidation before the curing process. The preform was
inserted into the female part of the mould and subjected to a press curing cycle, which
included a 60 min hold at 100 ◦C, followed by a ramp up to 140 ◦C and a second hold at
140 ◦C for another 60 min.

2.3. Multiscale Characterisation Approach

The multiscale characterisation approach comprised three distinct methods, each
operating at different scales: 3D fibre path reconstruction from micro-computed X-ray
tomography images (micro), structure tensor analysis from optical surface images (meso),
and mechanical testing by a classical tensile test in fibre direction (macro).

2.3.1. Three-Dimensional Fibre Reconstruction

Tomographic image collection for a comparative study was conducted using two
samples extracted from the central region of the LS and HS plates. Firstly, high-resolution
(HR) scans were performed using a Waygate Technologies (Lewistown, PA, USA) Phoenix
Nanotom M equipped with an open 180 kV/20 W high-power nanofocus X-ray tube and
a DXR detector (3072 × 2400 pixels). The measurement volume was 3012 × 928 pixels
with 1692 projections, respectively 3 × 0.9 × 1.7 mm3. The resolution quality was set to
1 µm/voxel, represented as 16-bit unsigned data, equivalent to approximately seven pixels
per carbon fibre diameter. The tomographic acquisition parameters were set at 60 kV, 150 µA
and binning mode 1 × 1, resulting in a total scan time of 4 h. An ultra-high-resolution (UHR)
scan was carried out on the HS staple carbon fibre plate using an RX Solution (Chavanod,
France) EasyTom, equipped with nano-focus X-ray tube with a maximum voltage of 160 kV
and a power of 16 W, and a CCD camera detector, consisting of 4008 × 2672 pixels, with
a pixel pitch of 9 µm, to validate the derived microstructural features. The measurement
volume was 1959 × 1959 pixels with 1931 projections, respectively 0.78 × 0.78 × 0.77 mm3.
The resolution quality was set at 0.4 µm/voxel, corresponding to approximately 17.5 pixels
per carbon fibre diameter. The tomographic acquisition parameters were set at 60 kV,
200 µA and binning mode 1 × 1, resulting in a total scan time of 16.5 h. Consequently, the
scan volume of the UHR scan was smaller than that of the HR scan.

Data analysis and single fibre reconstruction were carried out using Avizo 3D software
(Version 2022.1; Thermo Fischer, Waltham, MA, USA) in combination with the Avizo XFiber
Extension module. The latter module computes the normalised cross-correlation of an
image with a parametric solid or hollow cylinder, enabling the reconstruction of individual
fibres. As this study focussed on assessing the level of homogenisation and potential
influence on local properties such as the FVF and FOD, various regions of interest were
examined in a preliminary study. Different fibre tracking methods, i.e., using the fibre
diameter threshold, fibre length threshold, and fibre curvature threshold, were evaluated.
The following procedure was implemented: (1) Median filtering with an iterative structur-
ing element of seven pixels was utilised on all image sequences to reduce noise. (2) The
Cylinder Correlation module was employed on the dataset. (3) The Trace Correlation
Lines module was subsequently used to trace lines based on the correlation field, and
the orientation field was computed using the Cylinder Correlation module. Each of the
reconstructed single fibres (fitted cylinders) consisted of smaller graphs that resulted in
segments with start and end points to reduce calculational effort. Thus, microstructural
descriptors were assessed via the derivation of properties along the segment. In Avizo
3D, several microstructural descriptors are available by default, such as the in-plane fibre
orientation, FVF, and tortuosity. All microstructural features were analysed at a single fibre
resolution and eventually summarised as an average value with a standard deviation per
ROI. The ROI is the specific area within the CT scan volume selected for analysis.
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The fibre orientation angle represents the angle formed with the y-axis and varies
in the range [−90, 90] degrees for a given 3 × 3 orientation tensor [58]. The orientation
was calculated using the first eigenvector of the tensor, which represents the segment
orientation. The eigenvalue and eigenvectors of the tensor were calculated and sorted in
decreasing order of eigenvalues. Then, the orientation angle was computed with the first
eigenvector as the angle between the segment orientation and the y-axis (0, 1, 0), and the
range was adjusted to [−90, 90] degrees if necessary. Finally, the code outputs the calculated
orientation angle theta in degrees. Additionally, the fibre volume fraction was derived
based on the ratio of the summed fitted cylinders (fibre volume) to the entire composite
volume. This is an important parameter, as it determines the mechanical properties of the
composite material:

FVF =
Vf

Vf + Vm
, (3)

where Vf is the volume of the fibres and Vm is the volume of the matrix material.
Differential tortuosity is a concept in the study of fibrous materials that refers to the

variation in tortuosity of fibres with respect to their orientation. Tortuosity measures the
degree to which a fibre’s path deviates from a straight line. When fibres are randomly
oriented, their tortuosity might also be random and vary across the material. However,
when fibres are oriented in a preferred direction, the tortuosity is not uniform across the
material but rather varies depending on the orientation of the fibres with respect to the
preferred direction. Differential tortuosity is used, as otherwise, the resulting values group
around one and, therefore, do not provide enough distinction [37]. Differential tortuosity τ
is defined as the logarithmic ratio between the curved, L, and chord segment, L0, lengths:

τ = log
(

L
L0

− 1
)

. (4)

2.3.2. Two-Dimensional Mesoscopic Method

The 2D mesoscopic method was used to characterise the FODs. The structure tensor
approach is a methodology based on an image analysis tool developed in Python (Version
3.8.12), comprising the following steps: (1) image acquisition, (2) derivation of the FODs,
and (3) application and visualisation of the η0 metric in a binned plot. During the process
of manufacturing plate specimens, images of each layer were acquired using a full-format
digital single-lens reflex (DSLR) camera (Nikon D810, Minato, Japan), equipped with a
SIGMA 50 mm f/1.4 DG HSM lens (Rödermark, Germany) and a circular polarisation
filter (Walimex, ø77 mm) to minimise artefacts from reflections of the carbon fibres. The
resulting ply images had a resolution of 5759 × 2879 pixels, with a resolution of 300 dpi
and 24 bits, resulting in an approximate resolution of 0.24 pixels per fibre. To mitigate
the influence of distortion and in-plane effects caused by camera positioning, a camera
calibration procedure using a checkerboard pattern plate based on OpenCV [59] was
carried out.

Subsequently, the acquired images were processed using an automated Python script
for further analysis. The images were partitioned into individual block segments, which
acted as a homogenisation approach. Then, orientation analysis was conducted using
the structure tensor approach implemented in Scikit [57], a popular machine-learning
library in Python. The structure tensor method is computationally efficient and can be
implemented using a convolution-based approach, making it a popular choice for fibre
orientation analysis in optical images. The structure tensor method is well suited for images
with complex fibre structures and high noise levels, as it is based on the local structure of
the image and can effectively reduce the impact of noise [57]. The resulting histograms were
utilised to calculate the probability density function to extract η0 according to Equation
(2) for each segment of the image. Consequently, the plies were virtually stacked and the
alignment coefficient η0 was calculated, resulting in a median and standard deviation value
for each plate configuration.
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2.3.3. Mechanical Testing

Five specimens were extracted from each laminated plate and subjected to quasi-
static tensile loading conditions in accordance with ASTM D3039 [60]. The specimens had
dimensions of length 170 mm, width 15 mm, and thickness 1 mm. Notably, the specimen
length did not conform to the recommended length of 250 mm, with a free length between
the clamps of 150 mm based on the available mould size.

The tests were conducted using a Zwick Roell Allround floor-standing testing machine,
model BT2-FA100SN.A4K.002 (Ulm, Germany), equipped with a 100 kN load cell. The
specimens were controlled using a constant displacement rate of 2 mm/min. A hydraulic
pressure of 150 bar was applied to hold the specimens in place. The initial distance between
the clamps was set at 120 mm. Strain measurements were captured using a mechanical
extensometer, model BTC-EXMACRO.H02, which measured the strain between two points
with a distance of 50 mm.

3. Results and Discussion
3.1. Characterisation of the Microstructural Architecture

Figure 4 presents micropolished cross-sections of the manufactured plate specimens,
highlighting the degree of local misalignment shown by the elliptical shape of the fibres.
The porosity was low, verifying that well-defined processing steps were applied to ensure
favourable compaction behaviour of the staple fibres [55]. Despite this, cross-section
analysis revealed that FVF had significant local variation, which raised discussion about a
suitable representative volume.
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Figure 5 presents an image of a ply section acquired during ply layup (specimen
manufacturing) used for structure tensor evaluation showing the microstructural features
of the surface, virtual stacking, and image resolution. The ply image shows different
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domains of fibre orientation: thick and fuzzy fibre surface features and thin areas with a
high degree of fibre orientation. This effect is explained by kinematic effects inside the
alignment unit. When the sliver passes through the alignment unit, two scenarios are
plausible. First, sliver sections with a higher proportion of short fibres are believed to
result in more random and thicker regions. Second, sliver sections with a more consistent
and smaller proportion of short fibres result in robust and highly aligned tape regions.
Consequently, the tape thickness varies, which can be adjusted by well-defined processing.
Furthermore, the degree of fuzzy surface is influenced by potential movement or transport
before consolidation.
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First, the ply-wise 2D mesoscopic method was used to characterise each ply. A
convergence study was performed to define the number of block segments. The results
showed a nonlinear relationship between the number of bins with respect to the standard
deviation of η0. This is because the local microstructural features vary depending on the
block size. Thus, the images were partitioned into individual block segments of 10 × 10,
with dimensions of 576 × 286 pixels, as the standard deviation was exceptionally high
when the number of blocks was higher than 20 × 20. In Figure 6, results are presented
for a single ply from the LS plate. It is evident that a high variation in alignment exists
with η0 between 0.55 and 0.9. The η0 value is influenced by different processing steps such
as carding, tape formation, prepreg consolidation, cutting, performing, and curing. The
neat resin film only stabilises the textile topology and can be easily influenced. Generally,
two characteristic phenomena are both seen in the image: under-aligned and over-aligned
areas that are linked to areas highlighted in Figure 5. Under-aligned areas exist due to
the presence of fuzzy surface areas, which eventually bias η0. Over-aligned areas show
high fibre alignment because of the small number of fibres in the section. The images show
that the highly aligned areas are thinner than other regions, making the background paper
visible, which is caused by the stretching procedure applied during the alignment process.
The under- and over-aligned segments represent a minority of the histogram. Thus, a
representative area is marked within the probability density function (histogram) that
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represents the majority of segments. The essential metrics of each ply after the segmented
structure tensor approach (homogenisation) were the average and standard deviation of
the FOD value η0.
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Figure 6. Results of the 2D mesoscopic analysis for a single ply within the LS plate (a) image
segmented into 10 × 10 binned grid; (b) derived η0 in every binned segment; (c) resulting histograms
from every binned segment; (d) histogram with a fitted probability density function of η0.

Next, the orientation η0 values of all 12 plies were averaged and compared between
the LS plate, HS plate, and the virgin UD reference using a box plot (see Figure 7). The
low-aligned values, with an average of 0.741 and a standard deviation of 0.0252, are 5.1%
lower compared to those of the highly aligned tape, with an average of 0.781 and a standard
deviation of 0.024. This compares to the virgin UD reference, which has an average η0 of
0.934 and a low standard deviation of 0.0089.

As is visible in the images, the orientation η0 values are, in general, lower compared to
the values in Table 1 due to the fuzzy surface, which biases the FOD. Despite this, the HS
configuration shows improvement related to the FOD, which needs further investigation to
understand the unbiased FOD within the tape. Consequently, the tape consists of core and
edge effects, whereby the local properties change significantly. Furthermore, the method
describes the scattering of values, whereby the virgin UD reference shows a significantly
lower standard deviation in comparison to the staple fibre configurations. The apparent
variation is an indication of alignment robustness. The virgin UD reference shows the
highest orientation coefficient, comparable to existing values in the literature [11,22,23].
The optical images also allowed the detection of thickness depending on the amount of
packing paper visible in the region; however, this idea was not further investigated.
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Figure 7. Derived η0 values from virtually stacked optical images acquired ply-by-ply with a
DLSR camera.

Next, the 3D fibre path reconstruction is discussed. Figure 8 presents an overview of
both scans for the HS plate configuration, whereby the increased resolution per single fibre
is evident. Both scans reveal the pattern of fuzzy tape surfaces in the context of a laminate.
Single fibre path reconstructions and their related parameters in Avizo were experimentally
determined and iteratively improved by tuning the parameters in Table 3. First, smaller
subvolumes were extracted to study the parameters’ effect on single fibre reconstruction.
The quality and robustness were manually optimised by comparison of the reconstructed
single fibres visualised as tube-like structures with the CT slices overlapping.
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Table 3. Experimentally determined cylinder correlation and trace correlation line parameters for
Avizo XFiber Extension.

Parameter HR Scans (1 µm/voxel) UHR Scans (0.4 µm/voxel)

Cylinder length (nm) 60 60
Angular sampling 5 5

Mask cylinder radius (µm) 4 8.5
Outer cylinder radius (µm) 3.5 8
Inner cylinder radius (µm) 0 0
Minimum seed correlation 70 70

Minimum continuation 60 45
Direction coefficient 0.4 0.4

Minimum distance (µm) 7 16
Minimum length (µm) 60 60

Angle (deg) 37 37
Minimum step size (%) 10 10

Figure 9 presents the reconstructed model of the UHR scan within an ROI with
dimensions of 1166 × 1422 × 1206 pixels, respectively 0.46 × 0.57 × 0.48 mm3. A total of
5355 single fibres were identified. The reconstructed fibres were colour-coded by in-plane
fibre orientation to observe effects such as interply phenomena. The different views (top
and front) allowed the qualitative assessment of the reconstruction with the UHR scan,
whereby both the model and scan correlated favourably. The accuracy of the reconstruction
could not be evaluated due to the fact that there is no exact metric by which to determine
the number of fibres lost during reconstruction. The figure compares different projections
based on scan and reconstruction. The reconstructed model of the high-resolution (HR)
scans exhibited reasonable performance, whereas the ultra-high-resolution (UHR) model
demonstrated significantly superior results in respect of the 3D fibre reconstruction quality.
Additionally, the model underlines the previous statement related to the fuzzy tape surface,
which is again clearly visible. The red fibres show the highest deviation to the y-axis (zero
degree), qualitatively separating the laminate into individual ply layers.

Analysis of the 3D-reconstructed model showed different absolute values compared
to the 2D approach. Figure 10 presents the η0 values for the HR and UHR scans, whereas
Figure 11 shows the resulting FVF and tortuosity. The analysis of the differential tortuosity
is sensitive to L0 [37]. Thus, only the HR scans were compared, as they are based on the
same scan volume and method. In the following, the alignment factor η0, the FVF, and the
tortuosity τ are discussed for the LS and HS samples with high-resolution (HR) and ultra-
high-resolution (UHR) measurement. The alignment factor η0 values were averaged and
compared between the LS and HS plates in a box plot (see Figure 10). The LS values with an
average of 0.86 with a standard deviation of 0.02 are 1.71%/6.52% lower compared to those
for the HS tape with an average of 0.875 (HR)/0.92 (UHR) and a standard deviation of
0.01 (HR)/0.015 (UHR). Hence, the HS plate performs slightly better with better alignment
and lower scattering. Furthermore, the histogram in Figure 10 shows a small proportion
of highly misaligned fibres, >70◦/<−70◦, which are also visible in Figure 9. The FVF was
calculated based on the ratio between the total volume of all reconstructed single fibres to
the ROI volume. The low-stretch HR scan obtained an FVF of 39.5 ± 0.05%, and the high-
stretch HR and UHR obtained FVF values of 46.5 ± 0.075% and 41.8 ± 2%, respectively. The
differential tortuosity for the low-stretch HR scans was −4.1 with a standard deviation of
2.8, and for the high-stretch HR, it was −4.35 with a standard deviation of 3.2. The median
values show a slight decrease in differential tortuosity, leading to the assumption that the
HS configuration is less tortuous. However, the tortuosity in combination with mesoscopic
defects is more interesting and needs to be analysed in detail. As mentioned before, the ROI
played a substantial role, as there were significant changes in FVF. Several measurements
were performed on smaller ROIs showing deviations of >15% in FVF (e.g., from 35 to 49%).
The η0 shows similar scattering related to the subsequent ROI. The size and location of the
ROI play a crucial role in calculating the microstructural features. Variations influence the
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local microstructural features in size and location. Validation of the chosen ROI through
comparison with other techniques or reference data is recommended, and documenting
the ROI selection process is important for the traceability and reproducibility of results in
a study.
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When the relative change in an ROI does not affect the average or standard deviation of
the resulting property, an RVE can be defined. An RVE of approximately 0.9 × 0.9 × 1 mm3

was found to result in robust results based on the investigation with the HR scans, which
included and averaged local extreme values found in this study. The chosen ROI for the
UHR scan was 0.6 × 0.6 × 0.6 mm3 with a total scan size of <0.8 × 0.8 × 0.8 mm3; this was
found to be too small to result in repeatable ROI segments. Thus, the UHR scan shows more
optimistic values in comparison to the HR scans within all investigated microstructural
features. Therefore, a more aligned ROI was chosen for the analysed UHR scan, which does
not represent the values from the representative volume. Furthermore, when the resolution
of the tomographic acquisition is decreased, the loss of information of well-aligned, parallel
fibers, especially the ones very close to each other, is more likely compared to misaligned
fibres. As η0 is a summative property, the number of detected fibres influences the value and
thus underestimates it. Nonetheless, the sensitivity analysis of the RVE is not conclusive
and needs further consideration.

The measurements demonstrate a strong correlation between differential tortuosity,
η0, and FVF. An ideally straight fibre’s differential tortuosity goes towards -∞, indicating
that the presented staple fibre composites exhibit lower tortuosity with a higher varia-
tion compared to continuous fibre architectures [37]. The high-stretch HR tape shows a
slightly improved tortuosity distribution compared to the low-stretch HR tape. These
results underscore the importance of carefully controlling the stretching process to op-
timise the composite’s tortuosity and other mechanical properties. Figure 12 presents
a representation of the FOD and differential tortuosity of the first 150 µm projected to
the origin of the y-plane. The figures underline the previous correlations between FVF,
FOD, and tortuosity. First, the FOD in Figure 12a,b shows that the qualitative assump-
tion related to the fuzzy tape surfaces was correct, as the scattering within the binned
plot presents a distinction and higher variation within the tape boundaries. Furthermore,
the pattern reveals the proportion of misaligned fibres within the specimen. Regions at
z = −1100 pixels and z = −100 pixels present the highest number of misaligned fibres in
comparison to other regions. In contrast, the differential tortuosity in Figure 12c,d does not
show a correlation between misaligned and aligned fibres. Nonetheless, there is a pattern
observed at z = −1000 pixels whereby the median value of differential tortuosity abruptly
shifts to a lower value, which is due to the resin rich area and misaligned region explained
before. Furthermore, Figure 12d reveals resin rich areas with only a few fibres available
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at z = −1000 pixels and z = −100 pixels. Consequently, there are repeatable defects in the
laminate from (a) resin-rich area with no fibres influenced by highly misaligned fibres to (b)
highly aligned fibres [61].
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reconstruction of the UHR scan whereby the first 150 µm of the y-axis was projected to the y-plane:
(a,b) fibre orientation distribution (FOD); (c,d) differential tortuosity.

Figure 13a,b present the single fibres represented as circular elements and the FVF
as a binned plot. The figure primarily focuses on the structure and distribution of the
FVF. Here, it is possible to analyse the high amount of scattering within the cross-section
leading to regions with high and low FVF. The regions with high FVF > 0.6 provide a
reasonable contribution to the high mechanical performance. The highly brittle regions
with low FVF eventually initiate early failure of the specimen during mechanical testing.
At z = −500 pixels, a mesoscopic defect is dominant, whereby a few highly misaligned
fibres (see Figure 12) block the upper and lower fibre bundles to consolidate homogenously,
creating a resin rich area. This defect is also visible in Figure 9. The microstructural defects
mentioned above also apply here.
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Compared to the previous data presented in Figure 7, the FOD alignment factor η0
provides an average factor for the ply surface but does not provide insights into the ply
thickness itself. For the high-stretch configuration, an average η0 of 0.78 was obtained as
reported in Figure 7. The CT analysis is limited to the scan dimension but provides an
insight into the variation along the thickness of the manufactured laminate. In this case,
the related orientation factor of the selected ROI is 0.875 for high resolution (HR) and 0.925
for ultra-high resolution (UHR). This indicates that analysis of the ply surface only by the
2D mesoscopic method underestimates the orientation factor by 12% for HR and 18.5% for
UHR, which are conservative estimates. The CT analysis shows that most fibres that are not
properly aligned appear at the ply surface/boundaries, and therefore the 2D mesoscopic
analysis can be used as it measures the critical areas. In addition, 2D measuring methods
are easier to implement in a quality system because they are cheaper in terms of hardware,
are faster, and nearly in situ measurements of a running process are possible.

3.2. Evaluation and Comparison of Mechanical Properties

The longitudinal tensile properties of UD composites consisting of discontinuous fibres
depend on several structural factors, including the composition of the material and the
fibre orientation, length, and volume fraction. The alignment of UD discontinuous carbon
fibres plays a critical role in determining the properties of the composite. Thus, this section
presents the results of structural parameters based on tensile testing. Figure 14 presents the
tensile stiffness and tensile strength of the two studied tape variants, i.e., “low stretch” and
“high stretch”. The graphs indicate that the typical longitudinal maximum tensile stiffness
and longitudinal tensile strength of the discontinuous carbon fibre composite used in this
study are 70,155 +/− 2177 MPa and 1503 +/− 159 MPa, respectively, for the low-stretch
variant and 74,285 +/− 953 MPa and 1663 +/− 85 MPa, respectively, for the high-stretch
variant. In comparison to the staple fibre variants, the reference laminate, made from virgin
continuous carbon fibre, provides a longitudinal tensile stiffness of 142,193 +/− 7882 MPa
and a maximum tensile strength of 2014 +/− 237 MPa. All values presented here were
normalised based on the simple rule of mixture to a fibre volume content of 55%.

The mechanical results show that the alignment factor is significant. The highly
aligned tape is 5.8% stiffer and 10.6% stronger. At the same time, increasing the alignment
reduces the standard deviation. The 5.8% increase in longitudinal tensile stiffness (Young’s
modulus) nearly correlates with a 5.1% increase in alignment factor η0 obtained using the
2D mesoscopic method. Further tests with different degrees of alignment are recommended
to obtain more data points to establish the correlation between the tensile stiffness and the
alignment factor.
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In Figure 15, fractured samples are shown. The fracture surfaces appear similar to
those of virgin UD carbon fibre composites. The stress–strain relationship is very linear
with a brittle fracture, as is common for carbon fibre composites when tested along the fibre
direction in quasi-static tensile loading conditions.
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Figure 15. Fracture surfaces after quasi-static tensile test for low-stretch (a) and high-stretch
(b) variants.

Table 4 summarises the resulting Young’s modulus based on classical laminate theory
from Equation (1). Both methods (3D and 2D) show an increase in Young’s modulus
from LS to HS because η0 and E11 are proportional. However, both methods overestimate
the mechanical properties by >20%. Consequently, the simplified model used does not
apply to the staple fibre architecture measured in this study, as local variations cannot be
homogenised for the full laminate and significantly influence the mechanical properties.
Thus, in spite of characteristic mesoscopic defects, the stiffness and especially the strength
are considerably high.
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Table 4. Resulting Young’s modulus based on calculations from 3D fibre reconstruction, 3D meso-
scopic method with the laminate theory from Equation (1), and mechanical tests.

Alignment Process 3D Fibre Reconstruction
(MPa)

2D Mesoscopic
Method (MPa)

Mechanical Testing
(MPa)

Low-stretch
configuration 117,300–119,405 92,340–97,400 70,155

High-stretch
configuration 120,100–123,450 97,400–102,460 74,285

4. Conclusions

In the present study, we aimed to quantify the results of the alignment process of
staple fibres using various methods, such as 2D image analysis, 3D CT reconstruction, and
mechanical testing. We utilised a fibre orientation histogram to calculate the degree of
alignment as a dimensionless number. Our findings show that the 2D approach to the ply
surface underestimates the fibre orientation distribution since most misalignments occur
on the tape surface. This observation is consistent with CT data reconstruction results. We
compared the alignment and resulting orientation factor to mechanical test results and
observed a relationship between orientation and increased strength. Our conclusions are
summarised as follows:

• The results of measuring the alignment coefficient η0 using the 2D mesoscopic method
on the ply surface are, on average, 15% lower, making this method more conservative
compared to the detailed CT analysis.

• The investigation revealed that most fibres that are not correctly aligned appear at
the ply surface/boundaries. Thus, 2D mesoscopic analysis can be utilised to identify
critical fuzzy tape areas.

• Our mechanical results indicate the influence of the alignment process. Highly aligned
tapes are 5.8% stiffer and have 10.6% higher strength compared to tapes with a low
fibre alignment. Moreover, an increase in alignment leads to a decrease in standard
deviation.

• The increase of 5.8% in stiffness almost correlates with an increase of 5.1% in align-
ment factor η0 (2D mesoscopic method). The strength correlates with a factor of 2.1.
However, further tests with different alignment degrees are recommended to obtain
additional data points.

• The derived microstructural properties of differential tortuosity, fibre volume frac-
tion, and fibre orientation distribution correlate with defects arising from the align-
ment process, such as resin rich areas or high fibre volume fraction areas with
increased fuzziness.

• The usage of a homogenised η0 for the staple fibre architecture overestimated the
mechanical performance by >20% as defects were not taken into account, e.g., porosity
and resin rich areas with a low fibre volume fraction.

In comparison to the state-of-the-art [16,17], the achieved values of longitudinal max-
imum tensile strength and longitudinal tensile stiffness are high despite characteristic
mesoscopic defects and demonstrate the potential use of discontinuous carbon fibre com-
posites in second-life applications for loadbearing structures.

The presented study will be a starting point to develop new homogenisation methods
or to use the data for multiscale simulation by transferring the microscale data towards
voxel or mesh-based simulation methods.
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