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Abstract: Recycling carbon-fibre-reinforced plastic (CFRP) and recovering high-cost carbon fibre (CF)
is a preoccupation of scientific and industrial committees due to the environmental and economic
concerns. A commercialised nonwoven mat, made of recycled carbon fibre and manufactured using
carding and needle-punching technology, can promote second-life opportunities for carbon fibre.
This paper aims to evaluate the mechanical and preforming behaviour of this nonwoven material.
We focus on the influence that the fibre orientation distribution in the nonwoven material has on
its mechanical and preforming behaviour at the preform scale, as well as the tensile properties at
composite scale. The anisotropy index induced by fibre orientation is evaluated by analysing SEM
micrographs using the fast Fourier transform (FFT) method. Then, the anisotropy in the tensile,
bending, and preforming behaviour of the preform is inspected, as well as in the tensile behaviour
of the composite. Additionally, we evaluate the impact of the stacking order of multi-layers of the
nonwoven material, associated with its preferred fibre orientation (nonwoven anisotropy), on its
compaction behaviour. The nonwoven anisotropy, in terms of fibre orientation, induces a strong
effect on the preform mechanical and preforming behaviour, as well as the tensile behaviour of the
composite. The tensile behaviour of the nonwoven material is governed by the inter-fibre cohesion,
which depends on the fibre orientation. The low inter-fibre cohesion, which characterises this
nonwoven material, leads to poor resistance to tearing. This type of defect rapidly occurs during
preforming, even at too-low membrane tension. Otherwise, the increase in nonwoven layer numbers
leads to a decrease in the impact of the nonwoven anisotropy behaviour under compaction load.

Keywords: recycled carbon fibre; nonwoven preform; mechanic of fibrous reinforcement; preforming

1. Introduction

In 2017, the global demand for carbon fibres, to be used in 114.7 ktons of carbon-fibre-
reinforced plastics (CFRP), was approximately 70.5 ktons [1], and it could reach 122.8 ktons
in 2022 [2]. These CFRPs are used mainly in industrial applications, such as aerospace,
defence, automotive, wind energy, sports equipment, and construction. In accordance with
this higher demand, it is estimated that as much as 30% of the total material used in the
manufacturing of carbon fibre parts is wasted, primarily in the form of scrap prepreg [3].
To reuse carbon fibres from CFRP wastes, mechanical and fibre reclamation technologies
(pyrolysis and solvolysis) are first employed for recycling, and are intensively described in
the literature [4,5]. Due to their vital role in the composite performance, the characteristics
of the recycled carbon fibres (rCF) obtained from these recycling technologies are identified
in terms of their fibre length, tensile strength, purity, and sizing. In a recent review,
Kurshid et al. [6] classified the fibre length into three main categories (short: <6 mm,
medium: 6-25 mm, and long: 25-300 mm) depending of the reclamation technologies
and type of wastes. For short fibres, the recycled fibres are currently used in relatively
low-performance applications such as injection moulding and 3D printing; however, other
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processes, such as carding or wet deposition, which are used to ensure that nonwoven
fabrics retain their fibre length, offer improved mechanical properties that could allow
recycled fibre composites to be used in higher-performance applications [7]. The main
advantages of the nonwoven process are an excellent economic efficiency due to their
high production output, high flexibility regarding produced nonwoven properties (areal
weight and degree of compaction), ability to modify the line to minimize fibre damage,
and compact carding process possibilities, which combines several conversion processes to
produce a homogeneous textile surface from a fibre blend. Many studies have looked at
the use of this technology for rCF [8,9]. Akonda et al. [10] used staple carbon fibres, which
were mixed with staple PET fibres to produce continuous slivers using a modified carding
process, and then composite samples by hot-pressing. Hengstermann et al. [11] produced
two kinds of hybrid yarn from, respectively, virgin carbon fibres and rCF, which were
mixed with PA6 fibres, by using a laboratory, long staple carding machine. UD composite
plates were then manufactured by hot pressing. Some works used manufacturing methods
to mix recycled carbon fibres with polymer fibres to produce preforms, which are then
stacked in a mould and compression moulded. Wei et al. [12] described a wet-laid process,
used to mix rCF and PAG6 fibres together in a mat of randomly oriented fibres, which were
formed in composite samples by compression moulding. Barnett et al. [7] compared the
mechanical properties of composite samples obtained by compression moulding with PPS
film and repurposed virgin carbon fibre nonwovens manufactured by the wet-laid process
and recycled carbon fibre nonwovens provided by ELG carbon fibre. In these studies, the
distribution of the length and orientation of fibres in a nonwoven mat were particularly
studied for their critical influence on the mechanical properties at composites scales. Manis
et al. [8] analysed the influence of the web formation in the carding machine by measuring
the fibre length at four positions along the carding machine. The nonwoven fabrics have no
directionality and are randomly distributed in the longitudinal and transverse direction [12].
Their anisotropy was studied by many authors, especially those using image analysis to
quantify the fibre orientation distribution [13,14]. From the images obtained by scanning
electronic microscopy (SEM) and analysed by computing the histogram of pixels’ preferred
orientations using grey-level granulometry, Gager et al. [15] presented a new method
to analyse the fibre orientation distribution (FOD) of the flax nonwovens. Yu et al. [16]
used image analysis by Hough transform to investigate the fibres’ orientation distribution
within needle-punched nonwovens. In a study where waste carbon fibres and polyamide
fibres were processed on a double-cylinder card machine, Kurshid et al. [17] followed
the fibre orientation in the function of different technological parameters of the carding
process. Jlassi et al. [18] compared the tensile properties in the machine manufacturing
direction (MD) and cross direction (CD) of composites made by compression moulding
from carbon-carded, and pre-needled, nonwoven, and PA6 films, but no index of ratio of
the anisotropy index is defined. On recycled carbon fibre nonwovens, Barnett et al. [7]
carried out dry-scale tensile tests (before consolidation) to give an indication of their degree
of anisotropy, but they focused more on the mode of failure of their specimens than on
defining an anisotropy index from their experimental curves.

In this study, we aim to analyse the properties of rCF nonwovens obtained by carding,
cross-lapping, and needle-punching at different scales: fibre, preform, and composite. The
characterisation methods are described for each scale. Then, the results are presented,
followed by a discussion. We focus on the influence of the anisotropy of the rCF nonwo-
ven associated with the fibre orientation distribution on the mechanical and preforming
behaviour of the preform and the mechanical performance of the composite.

2. Materials

In the present study, the mechanical and preforming behaviour of a nonwoven preform
provided by ELG is evaluated. The nonwoven is made from 100% recycled carbon fibres
(rCF), classified as a standard modulus fibre SM450 with a strength of 4-5 GPa, as reported
in the product’s datasheet. The nonwoven is manufactured by carding cross-lapping and



Fibers 2021, 9, 82

30f16

needle-punching technology [7,8]. The manufacturing direction of the nonwoven (MD)
along the needle-punching machine corresponds to the perpendicular direction of the card
line production, which corresponds to the cross direction of the nonwoven (CD).

The nonwoven fabric is characterised by an areal density of 193 (+7.15 g/m?) and a
thickness of 3.85 (+0.17 mm), measured under a pressure load of 0.1 KPa. These identifica-
tions are performed, following NF EN 12127 standard [19] for the areal density, and the
standard NF EN ISO 5084 [20] for the thickness. The tests are conducted on ten specimens
prepared in both nonwoven main directions: the manufacturing direction (MD) and cross
direction (CD). The low values, obtained for the standard deviation of the measured areal
density and thickness, indicate a homogeneous material distribution and homogeneous
condensation, obtained by needle-punching across the nonwoven surface.

3. Methods

The physical and mechanical properties of the rCF nonwovens are characterised at
three scales: fibre scale, preform scale, and composite scale. This allows for an understand-
ing of the interaction between the different scales, and an analysis of the influence of the
fibre orientation distribution on the mechanical behaviour of the nonwoven preform and
manufactured composite. The methods used for this experimental approach are described
at each scale.

3.1. Fibre Scale

The geometry of the recycled carbon fibre is characterised in terms of length and
diameter by carefully extracting and separating the individual fibres from the nonwoven.
To measure the fibre length, they are laid down on a paper and then a picture is taken and
analysed using image analysis with the software Image] [21]. To measure the diameter
of the fibre, an optical microscope is used, with x40 magnification and 0.42 um resolu-
tion. The fibres are extracted from five different nonwoven zones. Diameter and length
measurements are performed on 50 fibres.

3.2. Preform Scale
3.2.1. Fibre Orientation

Identification of the orientation distribution of the fibre network, weighted by the
fibre content at each angle, is essential to identify the anisotropy of the nonwoven and,
consequently, the composite. The fibre orientation distribution can be identified from the
captured SEM micrographs by the developed image analysis technique using an image-
based fibre orientation and alignment calculator function, developed by Barocas [22]. This
function is based on the fast Fourier transform (FFT) method [22-24], which provides better
accuracy than the mean intercept length method (MIL) and line fraction deviation method
(LFD) [23,24].

SEM micrographs are captured for samples picked up from different zones in the
nonwoven. Then, they are analysed by a developed MATLAB code in association with the
Barocas function [22]. This consists of converting the captured binary grey-scale image
into a frequency space expressed in polar coordinate. Then, the normalized orientation
distribution function is defined from the number of points on the radius line at each angle
and their intensity value. This reveals the number of fibres at each angle. Then, the
orientation tensor (F) is defined according to the equations described in [24].

The eigenvalues (A1, Ay) and eigenvectors of the obtained orientation tensor (F)
are determined to identify the anisotropy index a according to the following equation,
Equation (1):

a=1—— D)
An isotropic network has an index value equal to zero, whereas a unidirectional

network has an index value equal to one. The anisotropy index gives the preferred orien-
tation of the fibres in the nonwoven, resulting from the manufacturing process (carding,
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cross-lapping, and needle-punching). This anisotropy index is compared with those com-
puted from the mechanical properties identified at the scales of the nonwoven and the
manufactured composite.

An example of this conducted procedure can be illustrated on a captured SEM at
1000 magnification, as in Figure 1a. The image is trimmed into a square binary image,
Figure 1b, then converted into a frequency space with a polar coordinate, as in Figure 1c.
The eigenvectors of the length-weighted fibre orientation tensor are drawn on the treated
image, Figure 1d, with a polar representation of the fibre orientation distribution function,
as in Figure le. The identified anisotropy index («) for the given micrographs is 0.98.

b) 0)

920

e)

210 330

240 300
270

Figure 1. Example of performed analysis on SEM micrograph captured at 2000 magnification (a) by FFT method, trimming
into square image (b), converting into frequency space with polar coordinate (c), indication eigenvectors (in red) (d), and

polar fibre orientation distribution (e).

3.2.2. Compaction Test

If the compaction behaviour of textiles is well documented for different reinforcement
architectures, such as woven, NCF, etc. [25-30], few studies have been conducted on
nonwovens. The compaction behaviour of the rCF nonwoven multilayers is identified in
the present study. This is helpful in the manufacture of the nonwoven composite, using a
compression moulding process and analysing the evolution of the fibre volume fraction
of the nonwoven with the applied pressure. Furthermore, the influence of the preferred
fibre orientation on the compressibility of a multilayer of the nonwoven can be evaluated
by changing the stacking order of the layers. The test is performed on an MTS Criterion
tensile machine with a load cell of 250 kN at a crosshead displacement rate of 1 mm/min.
The samples are compacted between two metallic plates until a pressure of 60 bar. By
considering the capacity of the load cell and sample dimension, the pressure measurement
is performed, with an accuracy of 0.39 bar. The thickness of the specimen is measured
by the crosshead displacement reading after subtracting the compliance of the tensile
machine (denoted C in Equation (2)), as mentioned in [25-30]. All samples are tested on
the same machine, using the same thickness measurement technique, which can establish a
comparison between them. Stacks of four and eight layers (with a size of 80 mm x 80 mm
for each layer) are prepared with two stacking orders. In the first configuration, all the
layers are stacked in the same orientation, denoted MD/MD. In the second group, the
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layers are stacked in cross-ply configuration. By considering the MD direction for the
nonwoven layer, each layer is placed orthogonal to the preceding one. In this way, the
orientation of the successive layers is alternated between the MD and CD directions. The
stacking order is denoted as (MD/CD). For each test, the fibre volume fraction (vf) of the
multilayer specimen is calculated as a function of the crosshead displacement, with the
pressure increasing according to the following equation, Equation (2):

Aw N

= op(hg—d+FC) @)

with Ay, as the areal density of one layer (g/m?), N the number of stacked layers, p 1 is
the density of fibre (g/m?3), h the initial cavity height (m), d the crosshead displacement
(m), F is the machine load (N), and C is the machine compliance (m/N). The evolution of
the fibre volume fraction and of the thickness per layer with the pressure is analysed, as
described in [26-28].

3.2.3. Tensile Test

Tensile tests on nonwoven samples, before impregnation, are conducted according
to the NF EN 9073 standard [31] on a Criterion MTS tensile machine, with a load cell of
1 kN capacity. The test speed is set to 100 mm/min and the specimen is prepared with a
gauge length of 200 mm and a width of 50 mm. The tensile test is performed on specimens
in the nonwoven manufacturing direction (MD), in the cross direction (CD), and in the bias
direction (45° relative to the manufacturing direction). Anisotropy in the tensile behaviour
of the nonwoven is determined by the ratio of the maximal loads, as well as by the ratio of
the tangent modulus between the two main directions: MD and CD.

3.2.4. Bending Test

The flexural rigidity of the nonwoven is identified using a cantilever apparatus accord-
ing to the NF EN ISO 9073-7 standard [32]. The test is conducted in the two main directions
(MD and CD). Six specimens are tested in each direction, with 250 mm length and 25 mm
width. The flexural rigidity per unit width G (N - m?/m ) is calculated from the measured
bending length L (m), considering the areal density Ay (g/m?) and the acceleration due
to gravity g (m/s?), according to Equation (3). Anisotropy in the bending behaviour is
estimated by the ratio of flexural rigidity in the two main directions: MD and CD.

G:gAwL3

. ®

3.2.5. Preforming

The drapability behaviour of the rCF nonwoven is performed on a preforming device
developed in the GEMTEX laboratory [33-35]. On this device, a 250 x 250 mm? nonwoven
sample, placed between the die and the blank-holder plates, is preformed by a 150 mm
diameter half-spherical punch, as shown in Figure 2.

The punch movement is controlled by a pneumatic actuator with a constant mounting
speed (10 cm/s). A load cell is placed between the punch and actuator to record the pre-
forming force. Both die and blank holder plates are thick enough to ensure a homogeneous
pressure on the specimen at the contact area with the two plates. The test is performed
under a low blank holder pressure of 0.017 MPa. The blank holder plates are transparent
to track the specimen edges’ displacement after preforming via a digital camera placed on
the top side of the blank holder plate. The displacement of the specimen edges relative
to their initial position is denoted as draw-in distance. These distances are measured
thanks to pictures captured before (Figure 3a) and at the end of the preforming process
(Figure 3b) using Image] software [19] for the image analysis. Draw-in distances, illus-
trated in Figure 3b, depend on the applied blank holder pressure and specimen orientation.
Furthermore, white dots are speckled on the sample surface before preforming along the
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x-axis, y-axis, and both diagonals, at 45° and —45°. They are made with a constant radial
interval of 2 cm relative to the hole centre in the blank-holder plate. These dots mean that
the deformation anisotropy of the sample can be followed after preforming by measuring
the eccentricity index of the deformed initial circle, created from white dots, as in Figure 3c,
into an ellipse. Omrani et al. [33] used this method of tracking markers on nonwoven flax
to analyse deformation evolution inside the nonwoven material during this preforming
step, but without association with an anisotropy ratio.

Actuator

Frame

Blank holder

Specimen under the
blank holder S— m—

Figure 2. Preforming machine.

~CD

y

White dot Sample contour
ReLehs before preforming Sample contour

after preforming
Draw-in distance
along y-axis

Figure 3. Specimen before preforming placed under blank-holder plate (a), formed preform under
the blank-holder plate at the end of the punch course (b), and initial state of the concentric circles
created from white dots marked on the specimen (c).

3.3. Composite Scale

The thermocompression moulding technique is used to manufacture composite sam-
ples from rCf nonwoven layers with polypropylene plastic (PP). Four nonwoven layers
are stacked in the same orientation, alternating with three PP film layers. The last is made
from PP grain by thermos-compressing moulding with a 0.5 mm thickness. The stacked
layers are heated under a 4 bar pressure until reaching 220 °C; then, a 9.55 bar is applied for
1 min before cooling with air under the maintained pressure. At this stage, the laminates
are manufactured without applying any sizing agent. The fibre and porosity content (vs
and vp) in each manufactured laminate are estimated according to the method described



Fibers 2021, 9, 82

7 of 16

by Berges et al. [36]. This method is based on the areal density (A,) of the preform, number
of lamina (N) and fibre density (o) in a tested sample, as detailed in Equation (4):

wy = Ay NS/m, pc=m/(h S), vf = wf.pc/pf, op=1-—0vf— (1 —wf) oc/pm  (4)

where wy is the mass fraction of fibre and p. and p;, are the density of the tested composite
specimen and the matrix, respectively, with masse m, surface area S, and thickness h.

The tensile properties of the manufactured laminates are characterised according to
ASTM D3039 standard [37] using tensile test machine MTS Criterion, equipped with a load
cell with a capacity of 250 kN. The tests are conducted with a gauge length of 150 mm, a
width of 15 mm, and a crosshead displacement rate of 1 mm/s. Tensile tests are performed
in both MD and CD directions, respectively, of the rCF nonwoven. The tensile modulus is
computed on the obtained stress—strain curve in the strain range of (0.1-0.3). The strength
and strain failure are also reported. The anisotropy index of the tensile composite behaviour
is computed from the ratio of the tensile strength and modulus in both directions.

4. Results and Discussion
4.1. Recycled Carbon Fibres Properties

The box plot of the measured values of the fibre length is given in Figure 4a, with
an average value of 72.17 mm and a standard deviation of 9.9 mm. The measured fibre
diameter is given in a box plot on Figure 4b, with an average value of 9.01 um and standard
deviation of 0.68 um.

a)’ b)
% 11

10 |

®
=]

-
[=]

Fiber length [mm)

Fiber diameter [pm)]

3

Figure 4. Box plot of the measured length (a) and the diameter (b) of extracted recycled carbon fibre.

4.2. Nonwoven
4.2.1. Fibre Orientation

The fibre orientation distribution analysis is conducted on 48 micrographs, captured
at two magnification levels (x100 and x50), Figure 5a,d, respectively. They are made
on samples that are randomly picked on the nonwoven material, without referring to
the image orientation relative to the nonwoven main axis. The anisotropy index of the
nonwoven is computed for the two micrograph groups by Equation (1), after determining
the characterising eigenvectors and eigenvalues by means of the FFT image analysing
system. One example of the performed analysis is presented in Figure 5b,e, with sketched
eigenvectors for the fibre orientation distribution on the analysed micrograph in red arrows.
The polar plot of the fibre orientation distribution is also obtained by this analysis, as in
Figure 5¢,f. An obvious accordance is observed between eigenvector orientations, Figure 5b,
and fibre orientation distribution, Figure 5c,f. The box plot of the anisotropy index for
the two micrograph groups, with a magnification level of x50 and %100, is presented
in Figure 6, with a mean of 0.39 and 0.4 and a standard deviation value of 0.15 and 0.13,
respectively. Less scatter is noted on the micrographs captured at x100 magnification. The
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values obtained for anisotropic index highlight the preferred orientation for fibres in the
nonwoven network.

a}ﬁf Ty c) i ®
Ml I - B :
AT ™

f) L

Fo

Figure 5. Example of the captured SEM micrograph at x100 and x50 magnification (a,d, respec-
tively), analysed image with two sketched eigenvectors (b,e), and polar plot distribution of the fibre
orientation (c,f) at both magnifications, X100 and x50, respectively.

0.7

05 —

04

03

Anysitropy index

0.2

0.1

0 T |
x50 x100

Magnification

Figure 6. Anisotropy index estimated for SEM micrographs captured with x50 and x 100 magnification.

4.2.2. Compaction Behaviour of rCF Nonwoven Material

The compaction test is performed on four and eight nonwoven layers, stacked in two
orientation configurations (MD/MD and MD/CD). The estimated fibre volume fraction of
the specimens is computed based on Equation (2) as a function of the tracked displacement
of the machine crosshead after compliance subtraction. The pressure-fibre volume fraction
curve, Figure 7a, is characterised with three distinctive phases [26]. At the beginning
and end of the curve, a linear relationship is observed between the pressure and the fibre
volume fraction. However, at the transition phase between these two, this relationship
is nonlinear. First, the volume fraction of the fibres increases considerably with a small
increase in pressure because of the reorganisation of the fibres within the nonwoven to
fill the inter-fibres gaps. Then, by reducing the inter-fibre gaps, the fibres bend, slide, and
nest between other fibres from the same layer and other layers. This requires a higher
pressure, which exponentially increases in the second phase. Finally, in the third phase,
laterally compressing the fibres strongly increases the pressure, with a slight increase in the
fibre volume fraction. Extending the second phase before fibre compression indicates the
compressibility of the structure. The specimens composed of eight layers showed a wide
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second phase in comparison with the specimens of four layers. This results in a higher fibre
volume fraction in the eight-layer specimen in comparison with the four-layer specimen at
the same applied pressure. The normalised thickness per layer relative to its thickness at
0.01 bar in the two configurations (four and eight layers) is estimated by considering the
specimen thickness relative to the number of constitutive layers. The thickness per layer in
the eight-layer specimen is highly lower than that in the four-layer specimen. It can signify
that the fibres’ inter-layer nesting is more significant with an increase in the number of
layers. The stacking order of samples with the two orientation configurations (MD/MD
and MD/CD) has an impact in the compaction behaviour of the nonwoven material in the
case of four layers. A higher pressure is required for the same stacking order (MD/MD)
in comparison with the alternate orientation (MD/CD) to attain the same fibre volume
fraction. As an example, a fibre volume fraction of 25% and a pressure of 39 bar is required
for four layers in the MD/MD stacking order, while a pressure of 27 bar is required for the
MD/CD stacking order, as in Figure 7a. Similarly, a layer in a four-layer nonwoven with
an MD/MD configuration will have a higher thickness in comparison with an MD/CD
configuration at the same applied pressure, as in Figure 7b. However, this impact is low in
the case of eight layers. Furthermore, the impact of the number of layers is more significant
than the stacking order and, consequently, an anisotropy index could not be defined from
these tests.

a) 70
- - -4 Layers-MD/MD
60 ——4 Layers-MD/CD
- - -8 Layers-MD/MD
50 ——8 Layers-MD/CD
& 40
=2
5
& 30
o
&
20
10
0
0 5 0 5 20 5 30 35 40 45 0
Estimated fiber volume fraction vf [%]
b) 1

- - -4 Layers-MD/MD
—— 4 Layers-MD/CD
- - -8 Layers-MD/MD
—— 8 Layers-MD/CD

0.9

0.8

0.7

Normalised thickness per a layer [mm/mm]

70

Pressure [Bar]

Figure 7. Pressure—estimated fibre volume fraction curve of 4 and 8 layers of nonwoven material
tested in MD/MD and MD/CD laminate sequence (a) and normalised thickness of preform per layer
of tested samples relative to its thickness per layer at 0.01 bar as a function of applied pressure (b).

4.2.3. Tensile and Bending Behaviours of rCF Nonwoven Material

The uniaxial tensile test is conducted on the nonwoven material in three directions
(MD, CD, and in bias (45°) direction). The normalised tensile load relative to the specimen
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width is given in accordance with the applied strain in Figure 8a for the three directions.
The presented curves are the means of three samples in each direction. The maximum
executed normalised force and longitudinal strain at this force are reported in Table 1. Low
resistance is observed, whereas a high deformation is demonstrated before complete failure,
as shown in [7,33]. The nonwoven material in the CD direction showed superior maximum
force. However, it shows less failure strain that was two times lower than the nonwoven
performance in MD and 45° directions. The nonwoven shows similar tensile behaviour in
both MD and 45° directions in terms of rigidity, maximum load, and failure strain.

(a)

ce [Nfecm)

Normalizedforc

(b) 120

ent modulus [Nfcm]

Tang
,

Strain [%)]

Figure 8. Normalised force-strain curve issued from tensile test of dry nonwoven material executed
in three directions (45°, MD, CD) (a), and tangent modulus of unidirectional extension in the three
directions (b).

Table 1. Mean values of uniaxial tensile properties and flexural rigidity of the nonwoven in three direction MD, CD, and
45°; standard deviations are given in brackets.

45° MD CD
Uniaxial 1 Maximum normalized force [N/cm] 6.31 (0.53) 5.36 (0.68) 13.06 (0.26)
niaxial tensile Strain at maximum force [%] 52.72 (1.44) 46.54 (1.75) 22.71 (2.47)
Flexural rigidity Rigidity per unit width [N.m/cm] 104 (3.7) 101 (7.6) 221 (11.8)

Three characterising phases are distinguished for the normalised force-strain curves
for the three nonwoven materials, as in Figure 8a, associated with distinguished phases on
the tangent tensile modulus-strain curves in Figure 8b. At first, the nonwoven material
shows a significant resistance due to the individual fibres stretching, which is transmitted
between fibres by friction. The fibres’ contribution at this initial resistance depends on their
orientation in the nonwoven sheet relative to the loading direction. This can be observed by
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comparing the difference in initial rigidity between the three nonwoven materials regarding
their orientation on the tensile machine, as in Figure 8b. The specimen extended at the CD
orientation shows a higher initial rigidity in comparison with other samples extended at
the MD and 45° orientation. This can be explained by the preferred fibre orientation in the
nonwoven material and the CD direction, corresponding to the production direction on the
card machine, as explained in Section 2. This preferred fibre orientation was diagnosed by
the FFT image analysis technique with a degree of anisotropy of 0.4, as shown in Figure 6.
The initial rigidity is considerably degraded, with a stain increase in a linear manner due
to the fibre decrimping. At this stage, no local tearing or damage was observed in the
specimen plan. The contribution of fibre stiffness is more important in the CD sample
as the amount of fibre aligned in the loading direction is more important in comparison
with the MD and 45° specimen. Therefore, the force magnitude at the end of this phase,
characterised by altering the nonwoven behaviour to a nonlinear behaviour (point-a” in
Figure 8), is higher for CD specimens in comparison with MD and 45° specimens (point-
a and a’ in Figure 8). By considering the tangent modulus at the end of this first part
(point-a” and a”) in the MD specimen compared with the CD one to estimate the anisotropy
level in tensile behaviour, a ratio of 0.47 is obtained. The normalised force-strain curve
maintains a non-linear behaviour for three orientations with a degradation in the tangent
modulus until conversion into a linear behaviour at point-b, b’, and b”, Figure 8. This
nonlinear behaviour can be attributed to the governing local fibre rotation and sliding, as
the transmitted efforts between fibres exceed the inter-fibres’ tangential cohesion stress
(static friction limit). In this phase, damage initiation is expected in the weakest region of
the specimen (less inter-fibre cohesion) in the form of a local tear. In the next phase (b—c,
Figure 8) the tear increases with the fibre rotation and sliding associated with the fibres
bending, resulting in a linear behaviour with too-low constant rigidity. This phase ends
with a fibre separation associated with a drop tensile load. In the CD specimen, as a higher
quantity of fibre is already oriented in the load direction, the fibre rotation is less expected
on the b”—c” phase for this specimen, which results in a lower strain value at the end of
this phase in comparison with other orientations.

The flexural rigidity of the nonwoven is evaluated in three directions (MD, CD, and
45°). The obtained values are given in Table 1. Similarly to the tensile rigidity at the end
of the first phase of linear behaviour (point-a, a’, and a” on Figure 8), a ratio of 0.456 is
obtained between the flexural rigidity in MD direction relative to that in the CD direction.
This coincides with the estimated anisotropy index obtained by the image analysis. This
highlights the dependency of the mechanical properties on the fibre orientation in the
nonwoven material. In the 45° tested specimen, a non-significant difference is observed in
the flexural rigidity in this direction, relative to the MD direction. The same observation
is noticed in the tensile test. This is because a similar number of fibres is oriented in the
testing direction.

4.2 4. Preforming Behaviour of rCF Nonwoven Materials

The preforming behaviour of the rCF nonwoven material is analysed in the three
orientations (0°, 45°, and 90°). The orientation of the nonwoven samples after preforming is
given from captured top-view images in Figure 9. The specimen contour is tracked for each
specimen after preforming, draw-in distances, and orientations are analysed. The bold red
arrows sketched on the edges of the sample, as in Figure 9a—c, show the orientation of the
displacement vector of a point on the edge of the sample in the deformed state relative to its
initial position. For the sample placed at 0° (MD-axis along the x-axis), shown in Figure 9a,
the displacement in the y-direction is the same as that in the CD direction of the nonwoven.
For the sample at 45° (MD and CD along the diagonal), Figure 9b, this displacement mainly
occurs along the sample diagonal. For the sample at 90° (MD-axis along y-axis), Figure 9c,
this displacement also mainly occurs in the CD direction. The maximum draw-in always
occurs along the CD direction of the nonwoven, independently of the sample orientation.
This direction, for the nonwoven, led to higher inter-fibre cohesion in the uniaxial tensile
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test, as shown in Figure 8. The sample is driven by punch movement to conform the punch
3D shape from the compaction/friction zone between the two plates: die and blank holder.
Thus, the sample slips on the plate with an axisymmetric in-plane tension, as described for
woven fabrics in [34,35,38-40]. To evaluate deformation and the appearance of tears in the
nonwoven structure, the direction of local stretching on the specimens is estimated. This is
achieved by evaluating the transformation of concentric circles marked in the initial state
before preforming Figures 3c and 91 into ellipses, and examining the inter-gape change
between them. As shown in Figure 9a—c, the initial circles are deformed into ellipses, which
mean that the deformation is not identical along the two main axes. The nonwoven is
stretched in one direction more than in the other. For the nonwoven samples tested in
three orientations (0°, 45°, and 90°), the samples are always more stretched along the
manufacturing direction, MD, in comparison with the orthogonal direction, CD, as seen
in Figure 9a—c. To quantify the observed transformation of the circle into an ellipse, the

eccentricity of the deformed ellipse is estimated by determining the ellipse main axis (E})

orientation relative to the nonwoven main direction (]\/TD), as in Table 2. The specimens,
independently of their orientation on the machine, demonstrate a higher deformation in
the MD direction than the CD direction. This unbalanced deformation is relevant to the
eccentricity index, which reaches 0.5. It can be concluded that the nonwoven material
behaviour during preforming is highly associated with the fibre orientation distribution.

Figure 9. Initial state (I) and preformed nonwoven specimens at 0°, 45°, and 90° angles for nonwoven
material MD-axis relative to the machine x-axis (a—c, respectively). Red bold arrows indicate the

maximum draw-in.

Table 2. Characteristics of the deformed ellipse on preformed samples.

Specimen Orientation 0° 45° 90°
Eccentricity index 0.52 0.48 0.57
1] 0° 0° 0°

. N
Main axis orientation (a, MD)
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4.3. Composite

Two composite laminates are manufactured from four layers of recycled nonwoven
carbon fibre stacked in the same orientation with polypropylene resin. A uniaxial tensile
test is performed on the first laminate in the manufacturing direction (MD) of the nonwoven
and in the cross direction (CD) on the second laminate. The stress—strain curve of the tensile
test is shown in Figure 10. The average stress is considered at each strain value on the
presented curve, with STDV added at an interval of 40 recorded data points (this interval
is adapted to maintain the visibility of the curve). The fibre and void volume fraction
are estimated in the two manufactured laminates based on the material density and are
given in Table 3. The longitudinal tensile modulus, tensile strength, and failure strain
from the uniaxial tensile test are listed in Table 3. The composite samples show a slightly
higher strain at rupture in the MD direction than the CD direction. However, a significant
difference is captured in the tensile modulus and strength between the two directions.
A ratio of 0.5 is reported for the tensile modulus in the MD direction relative to that in
the CD direction and, similarly, a ratio of 0.46 is obtained for the tensile strength. In
correlation with the anisotropy index obtained by the image analysis, the tensile modulus
and strength seem to be highly impacted by the anisotropy that issued from the fibre
orientation distribution. However, no significant impact was observed on the failure strain
in the two directions. The anisotropy in the fibre orientation distribution in the nonwoven
structure, estimated as 0.4 by means of image analysis, has a significant impact on the
tensile behaviour and flexural rigidity of the dry nonwoven preform, and the same impact
is reported at the composite scale regrading tensile modulus and strength, as in Figure 11.

160

140 +

w— CD

Stress [MPa)

e MD

~

Strain [%]

Figure 10. Stress—strain curve of tensile test performed on composite samples in both CD and
MD directions.

Table 3. Tensile properties of manufactured composite from the nonwoven recycled carbon fibre.

. . . Tensile Modulus Tensile Strength Failure Strain
0, 0,
Orientation Thickness (mm) vy (%) vp (%) (GPa) (MPa) (%)
MD 2.25(0.03) 18.9 (0.97) 3222 4.42 (0.13) 61.86 (1.74) 1.78 (0.2)
CD 2.29 (0.06) 19.4 (0.54) 4.6 (0.9) 8.83 (0.71) 132.2 (13.07) 1.63 (0.37)
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Figure 11. Anisotropy index and ratios characterising parameters between the two main directions
(MD and CD) of the nonwoven material.

5. Conclusions

Nonwoven preform material presents a promising commercial product to revalorise
the recycled carbon fibre and give it a second life in the composite application domain.
Therefore, understanding the effect that the material properties and process parameters
have on the mechanical performance of the nonwoven at each scale, in addition to under-
standing the interaction between the different scales, is important to control the physical
and mechanical properties of the manufactured composite. The present paper aimed to
evaluate the physical properties and mechanical performance of a nonwoven manufac-
tured by the ELG Company from recycled carbon fibre. A fibre orientation distribution
analysis was conducted of captured SEM micrographs, and anisotropy was revealed in the
fibre distribution. A preferred orientation was noticed for the fibre in the cross direction,
CD, of the nonwoven. This structural anisotropy causes a significant anisotropy in the
uniaxial tensile behaviour and flexural rigidity in the dry nonwoven preform material.
Further, anisotropy is observed in the same index order in the mechanical properties of the
manufactured composite. Future research should be conducted to track the effect of the
nonwoven anisotropy in fibre orientation on the flexural and inter-laminar behaviour of
the composite, considering the effect of the layer number and layer orientation sequence.

The recycled nonwoven carbon fibre demonstrated multi-phase behaviour under a
uniaxial load, with low resistance and a high dependency on the fibre orientation distribu-
tion. The nonwoven in the cross direction (CD) showed higher resistance to tensile load,
before the structural rigidity declined in comparison with other directions (MD and 45°).
In the last two directions, a similar behaviour was observed, and the nonwoven structure
showed large deformation before the total rupture, while in the CD direction, the nonwo-
ven has less strain at rupture. Contrary to the first phase, governed by the fibre’s high
rigidity, this phase of long deformation with a too-low rigidity in the nonwoven behaviour
is governed by the inter-fibre rotation and local sliding. The passage between phases is
attributed to the initiation of inter-fibre sliding, as well as a rotation, accompanied by the
appearance and growth of tears. Thus, the structural behaviour of the nonwoven material
is influenced by the fibre orientation distribution and mainly controlled by the inter-fibre
cohesion force. This cohesion force essentially depends on the inter-fibre contact surface
and interaction properties (coefficients defining friction between fibres in contact). Future
research should be conducted to understand the relationship between fibre interaction
and the performance of the nonwoven material. Furthermore, it would be interesting to
determine the effects that the fibre geometry and tensile properties have on the interaction
between fibres, in addition to understanding the influence of the nonwoven manufacturing
process parameters on this fibre interaction, especially for recycled carbon fibre. Therefore,
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the geometrical and tensile properties of the used fibre are reported here to contribute to
understanding nonwoven behaviour investigated in future research.

The behaviour of the nonwoven material is also investigated under compaction load.
A high influence on the number of the stacked layers is noticed when the test is conducted
with four and eight layers. The orientation of the stacked layer has a significant impact with
alower number of layers. The layers are more compacted when the orientation of successive
layers differs between two orthogonal orientations (CD/MD) in comparison with the same
orientation (MD/MD). However, the impact of the layer number is much more important
for the compaction behaviour of the nonwoven than the layer orientation sequence.

The performance of the nonwoven when preforming is also related to its anisotropy.
A higher draw-in distance always occurred in the preferred fibre orientation distribution,
while a lower distance was obtained in the orthogonal direction. Over a long direction
with less draw-in distance, tears are expected.
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