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Abstract: Sixteen-head automatic tape laying of non-crimped carbon-fibre-reinforced plastic is
performed, and the fibre alignment is compared with that produced via hand laying. The effect of
fibre alignment is tested via quasi-static and cyclic three-point bending tests. Using the Fill Multilayer
(a 16-head tape-laying machine), precision fibre laying of unidirectional fabrics is performed with
deliberate misalignment to examine the effect of fibre orientation and investigate the random effect
on longitudinal misalignment. The automatic tape-layered coupons are compared with hand-layered
carbon fibre tapes to investigate the relationship between the fibre alignment and the flexural strength.
A 52% reduction in the fibre alignment scatter is achieved via the Fill Multilayer. Fibre orientation
increases lead to a higher flexural strength of 16.08% for Fill Multilayer-made coupons compared
with hand-layered samples. An investigation of the correlation between fibre alignment and flexural
strength shows that shear-based failure increases exponentially as the alignment decreases. Fill
Multilayer-made coupons have a higher void concentration due to ultrasonic welding, but also the
highest modulus and flexural strength, as fibre misalignment is reduced to 1.68°, with a modulus
degradation of 1.4%.

Keywords: crack initiation; crack propagation; delamination; damage mechanisms

1. Introduction

Composites such as carbon-fibre-reinforced plastic (CFRP) have the potential to reduce
automotive components by 60-80% [1-4]. CFRP is also frequently adopted in other fields
and applications, such as for the structural reinforcement of buildings [5,6]. However,
CFRP is produced slowly by hand laying, which lowers reproducibility [7-10]. The intro-
duction of automated tape laying (ATL) has accelerated composite part manufacturing
in the automotive industry, helping composites to become a more attractive alternative
to reduce the weight of structural components. ATL has the advantages of increased effi-
ciency, reproducibility and laying accuracy over traditional hand stacking or raw material
strips [11-13]. Recent developments in multiheaded construction have enabled the parallel
laying of multiple tapes, allowing for even faster composite part manufacturing to keep up
with automotive demand. A key issue with CFRP is reproducibility; due to the multifibre
nature of CFRP, the alignment of individual tows within the laminate can cause major
deviations in mechanical performance.

The ATL system used here is the Fill Multilayer machine [14]. In this machine, a
combination of thermoset and thermoplastic prepregs can be used in the machine heads
and dry fabrics. Using typical prepregs in the Fill Multilayer causes issues with adhesion
in the rollers; this is mitigated with zero-tack prepregs. In comparison with previous ATL
machines (e.g., those described in [15,16]), ultrasonic welding of the prepregs or dry fabrics
is used to prevent tow shifting. Ultrasonic welding is employed to adhere plies together in
a novel approach using the Fill Multilayer to adhere zero-tack resin prepregs. The effect of
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ultrasonic welding is optimised regarding stack welding penetration and adhesion between
plies without causing significant defects in the final laminate during consolidation [17,18].

Automatic tape-laying systems require both a low tack and dynamic stiffness in order
for prepreg fibres to be spooled and unspooled without resin adhering to the roll [19]. The
random scattering of the fibres produced using the Fill Multilayer is compared with that of
handmade CFRP coupons to investigate fibre alignment in different laying methods. The
preform is held together with ultrasonic weld dots to prevent the preform from shifting
during curing. Fibre alignment is a critical issue, with the numerous defects introduced
during composite manufacturing leading to random fibre alignment, as outlined in the
reviews by Oromiehie et al. [12] and Falk et al. [11]. Oromiehie et al. indicated that many
defects in pre-impregnated fibres during resin (prepreg) manufacturing occur before tape
placement due to fibre spooling and unspooling, which causes misalignment due to resin
adhesion. Tape defects such as splitting can cause gaps. Croft et al. [20] showed that gaps
in the tape are caused by either fibre shifting or tape defects, leading to a decrease in the
compression strength by 3 to 12%. Minimising the alignment defects introduced after
placement is critical for maximising part performance. As Jeppesen et al. [21] showed, the
manufacturing approach is the main contributor to fibre misalignment and the waviness of
the produced composite.

Analyses of the fibre angle have shown that a high degree of misalignment is correlated
with data scattering in fatigue testing [13,22,23]. To further research the randomness in
fabrics, this investigation will use different fibre angles in ATL. Previous alignment studies
show a linear correlation between the fibre alignment and the flexural strength [15,24].
Manufacturing defects, leading to fibre misalignment, are highlighted by Alam et al. [25]
as being the primary cause of data scattering in CFRP. Random fibre alignment is a crucial
aspect affecting a composite’s permeability during the filling stage of liquid composite
moulding processes [26-29].

In this paper, the fibre alignment of composites layered using either Fill Multilayer
or hand laying is investigated to determine the relationship between fibre alignment
and flexural strength. Alignments of less than 5° are used to determine whether the
alignment contributes to the mechanical performance of the composite laminate. The Fill
Multilayer uses a zero-tack UD prepreg; this is compared with the same prepreg produced
via hand layering and a UD CFRP. The UD CFRP contains cross stitching to prevent ply
splitting; however, the stitching adds waviness. This waviness, which leads to longitudinal
misalignment, is investigated and is compared with random misalignment due to stitching
during hand laying. To test the precision of the Fill Multilayer, the UD CFRP fabric is
deliberately misaligned by 5° and 90° to investigate the alignment effect on the flexural
behaviour. An angle of 5° is chosen as it is difficult to accurately hand lay tape with a 5°
offset, and 90° is chosen because it can be cut from the UD plates. In the Fill Multilayer, a
prepreg of unidirectional (UD) CFRP is used, interlayered by hand, to determine the static
and cyclic loading characteristics via three-point bending tests. The flexural characteristics
of the composites produced using the Fill Multilayer are determined and compared against
those of composites fabricated via hand laying. The alignment of the manufactured carbon-
fibre-reinforced plastic coupons is compared with those manufactured via hand laying.

2. Methodology
2.1. Material Characteristics and Resin Curing

The CFRPs used were the intermediate modulus epoxy prepregs shown in Table 1.
The first material contained a cross stitch, which induced waviness in the fabric. The other
material was an intermediate modulus epoxy zero-tack prepreg. The zero-tack additive
prevented the prepreg from adhering during unravelling. Curing was conducted in a
press at 18 MPa compression; the mould was coated in mould release wax to enable part
removal. Curing was carried out as per the manufacturer’s recommendations (FILL). The
Fill Multilayer-produced non-crimped fabric was isothermally cured at 150 °C for 5 min,
and the crimped fabric without zero-tack resin was cured at 130 °C for 5 min. An increase
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in temperature was required to ensure curing due to the tackifiers in the zero-tack resin
additive. The hot plates were then released from the mould and cooled at room temperature
overnight. The fibres were displaced during pressing, causing mould edge misalignment.
However, the edge misalignment error was minimal as the edges were discarded. The
200 mm? coupons were layered with a 50 mm overhang and manually cut to fill the mould.

Table 1. Material characteristics for tensile strength and modulus.

Material Type Tensile Strength (MPa) Tensile Modulus (GPa)
Crimped CFRP 1235 126.6
Non-crimped CFRP 2137 135

Cutting the material led to an additional potential error in the hand-placed laminates.
Instead of using a machined length and tapes to control the width, as was the case in
the Fill Multilayer, during hand laying, the material was cut to size, creating a uniform
edge distribution. For this reason, coupons were cut away from the edge to prevent
waviness, which caused scatter in the alignment data. Each plate was manufactured with
10 plies of CFRP and compressed to a 2 mm thickness; for off-the-shelf CFRP, 6 plies
were used and pressed to a thickness of 2 mm. Maintaining a constant coupon geometry
ensured a reproducible result during testing, as both fabrics consisted of carbon fibres with
comparable intermediate tensile moduli.

2.2. Fill Multilayer Tape Laying

This article investigates the Fill Multilayer (shown in Figure 1) and the performance of
its products in both static and dynamic scenarios. Automatic tape laying was performed
and the resulting fibre orientation and mechanical bending were studied and further
compared with those resulting from hand laying. A cross-section micrograph of the surface
was used to determine fibre orientation changes between stackings. The development of
high-stiffness light materials required a higher tolerance between samples. This tolerance
was the deviation between samples from different composite laminates. The comparison
between defects and mechanical stiffness under static and dynamic bending would be the
basis of the measurements.

Figure 1. Reference photo of the Fill Multilayer during tape-laying operations and CFRP winding
from a roll to a cassette.

There were several issues when stacking UD fabrics in the Fill Multilayer that needed
to be addressed. Firstly, the fabrication of a 200 mm? CFRP plate required the tapes to be
stacked on top of one another. However, ultrasonic welding was performed in the centre of
the tape, as shown in Figure 2. This central placement of ultrasonic weld marks for UD
fabrics led to no adhesion to the adjacent fibre stack; thus, overlapped fibre layers were
required to achieve a fully adhered stack that could be transported without separating. In



J. Compos. Sci. 2024, 8, 92

40f23

contrast, in offset fabrics, the change in fibre direction meant multiple fibres could adhere
with one weld mark.

Programed ultrasonic weld dots

/ Programed waterjet cutting locations

200 mm

// Tow boundaries

A
v

200 mm

Figure 2. CFRP layered using the Fill Multilayer (10 layers) for (0°)10 UD fabric. Each increment
on the side is 50 mm, for a total internal machine diameter of 2250 mm?. Black lines represent the
probable weld mark locations and black dots represent the programmed areas where ultrasonic weld
dots occur during laying.

Uni-directional non-crimp 200 GSM zero-tack intermediate modulus carbon fibre
and ten plies of CFRP were used in the Fill Multilayer. The fabric was layered and cut
with the Fill Multilayer machine head; after cutting, a welding horn was used to make
an ultrasonic weld mark at 20 kHz. Ultrasonic welding can produce a shear strength of
up to 50 MPa, as ply only needs to adhere to the layer below. This weld strength can be
reduced to prevent defects from welding. For this reason, the weld time was 1 s rather
than using a high-strength weld joint. With long adhesion times, multiple prepreg plies
can adhere. Compared with hand laying, fibre cutting using a machine is more consistent,
as the machine holds the tape under tension, whilst cutting and guillotine cutting by hand
is less consistent. To mitigate tow splitting on the cutting edge, a 10 mm boundary was cut
for the coupons.

2.3. Tape-Laying Optimisation and Ultrasonic Welding Defect Mitigation

The welding of tape layers prevented fibre movement during laying, allowing the
composites to toughen in one stage rather than having to replace the tape cassettes, leading
to the rapid laying of both prepreg and dry fibre tapes. Additional defects introduced by
the Fill Multilayer were weld spots (as shown in Figure 3), causing an indent in the fabric.

Weld dot caused by ultrasonic welder

Figure 3. Ultrasonic weld spot on two layers of uncured CFRP welded at ten joules for one second.
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X or fibre direction in UD composite
<

To avoid ultrasonic weld marks and prevent fibre shifting, thermoplastic interlaying
was employed. However, during laying with the Fill Multilayer, only ultrasonic welding
was performed to prevent lateral movement rather than increasing the mechanical strength.
Ultrasonic CFRP welding leads to heating and deformation of the welded layers in thermo-
plastic matrices [30]. The mitigation of thermosetting polymer degradation during welding
has been investigated by Villegas and Rubio [31], who concluded that a higher force and
a short heating duration prevent the thermal degradation of epoxy. Tsianhou et al. [32]
showed that CF/epoxy composites have good adhesion with an interphase thermoplastic
coupling layer to thermoplastic PEEK. Initial testing using GF-PP prepregs showed that
using thermoplastic avoided ultrasonic weld damage to the fibres. However, CFRP PP and
thermoplastic binders have modulus values inappropriate for most CFRP applications [33].
Using interlayered or interleaved thermoplastic as a tackifier leads to improved load-
bearing capabilities [34]. Thermoplastic films, tubes and nanofibres are alternatives that
can be used to improve the mechanical performance and as tackifiers for prepregs [35,36].
Typically, these interlayering materials are added to dry fibre and used to improve Mode I
and II fracture toughness [37,38] and reduce the delamination area [39,40].

2.4. Optical Investigation of Fibre Alignment and Void Content of CFRP

To analyse random fibre defects due to the tape and fibre misalignment, the Fill
Multilayer and hand-laying methods were used to induce a common fibre misalignment
across the data set for each type. A BX61 Olympus microscope and Zeiss Supra 40VP SEM
micrographs of polished coupons were used to determine the alignment, waviness and
defects associated with the hand-laying and Fill Multilayer processes. Figure 4 shows the
average fibre misalignment that was used in this research.

4 Z orstacking depth

Angle ® measured for deviation from the 0° fibre ‘

N o

M\

Figure 4. Diagram of fibre measurements in the x direction. Angle ® measured for deviation from a
0° fibre.

Y or Ply width

Determining the radial sum of the fibre in Image]J (v.1.54h) gives a grey intensity
for the fibre direction for each tow shown in Figure 5 in order to determine the average
distribution. To convert the fibres into a binary image, the intensity was selected based on
prior void research [41,42]; the grey intensity of fibres was well-defined against the resin
and void content, allowing for image skeletonisation to show just the fibres.

Comparing the radial sum of the fibre ply (V) with the individual fibre tow direction
(IV) gave the average longitudinal fibre direction and alignment. Using the radial sum of
the entire composite gave an accurate estimate of the fibre’s waviness in one direction; the
waviness and fibre misalignment were considered to be the same as those of the crimped
laminate. In contrast to crimped fabrics, the waviness and alignment of fibres and the fabric
may be above 5°. An individual ply radial sum analysis showed the fibre alignment and
the waviness (instead of analysing the entire composite, which was the case when using a
radial sum analysis, leading to error). The error was due to the circular nature of the radial
sum analysis, where the fibre angle was relative to the centre of a circle. Fibres on the edge
of the analysis were perpendicular to the centre, thus creating a peak at 90° to the fibre.
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Figure 5. Method used for Image] analysis of the fibre waviness and misalignment during testing.
(I) Cut through of CFRP Fill mounted in optical resin; (II) 2D image made binary; (III) 2D image
skeletonised so only the edges are visible; (IV) radial sum analysis of the localised red circles to fibre
alignment; (V) global fibre alignment given with radial sum analysis and (VI) image depicting global
radial sum analysis of the blue circle.

The radial sum of each ply was taken from different points to create an average across
the composite. The direction of the individual plies and the fibre waviness were determined.
The average was taken across the press plate by taking coupons from the centre and edges.
Using the same coupons, defects, including ultrasonic weld spots and voids, were analysed
using Image]™, as shown in Figure 6. The threshold of the void grey intensity has been
previously used to accurately measure the void content [43].

Using micro-CT, the void content and fibre alignment of the (45°, 40°, 35°, 30°, 25°,
20°,15°,10°, 5°, 0) offset samples were determined. The deliberate offset meant that the
fibre angle was unable to be determined in Image], as the fibre was required to be in the
2D plane rather than the quasi-isotropic alignment of the (45°, 40°, 35°, 30°, 25°, 20°, 15°,
10°, 5°, 0) samples. After 3D stacking of the micro-CT images, the void content and fibre
alignment could be determined as per the previous method.

The void content was measured using micro-CT and determined through optical
images, as shown in Figure 7. The void content measured via micro-CT was 2.017 £ 1.61%
on average across the entire coupon, which was lower with a high deviation than that
determined via optical imaging due to the higher sample size in micro-CT. There were two
regions where this was an issue. Firstly, in the centre of the coupon, weld spots were likely
here, increasing the likelihood of artificial defects. Secondly, in the second cut-through
on the edge of the coupon, cutting and machining defects associated with tooling were
likely to be present in the optical images. Several samples contained tooling defects on the
edges of the samples, as determined via micro-CT, which occurred during waterjet cutting.
The void concentration was determined to be inter-tow rather than inter-laminar, as the
pressing process led to the centre of the tow being the location with the lowest permeability,
with resin flows filling the mould cavity and leaving voids in the inter-tow region.
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Figure 6. CFRP optical images in Image]: (I) optical cross section for alignment of CFRP fibres after
compression moulding. The image in (I) was made binary (II) and the image threshold was reduced
to a 040 grey level to detect voids in each sample over fibre ends as per Santulli et al. [43] (III).
(IV) CFRP with voids marked in blue.

200 pm

Figure 7. Three-dimensional image created from micro-CT images of CFRP-(45°, 40°, 35°, 30°, 25°,
20°,15°,10°, 5°, 0). Deliberate offsets of 5° were used to determine the fibre alignment accuracy of
the Fill Multilayer at low-angle reinforcement.
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2.5. Three-Point Bending in Cyclic and Quasi-Static Bending Setup

Flexural three-point bending tests with quasi-static cyclic loading were in accordance
with ASTM D7264/D7264M-15 [44]. The use of cyclic loading allowed us to investigate
the inter-fibre failure (IFF) under fatigue loading, which was the initial stage of fatigue
failure [45,46], during which microcracking occurred in the matrix and a drop in the
modulus was noted [46].

In the three-point bending tests, a rate of 1 mm/min was used using the Zwick UTM
with a 10 kN load cell for quasi-static testing of the flexural modulus using an FLAB-3-
11-3LJC-F strain gauge. For cyclic loading, a similar setup was used in an Instron UTM
100 kN load cell, as depicted in Figure 8. The test setup used 10 mm grips on a 40 mm span,
satisfying the 1:20 ratio in the ASTM.

Figure 8. Three-point bending diagram for both quasi-static and cyclic three-point bending.

2.6. Testing Parameters for Fatigue Loading

To determine the stiffness degradation of the CFRP made in the Fill Multilayer, the
CFRP was subjected to 70% of its maximum flexural strength for 4000 three-point bending
cycles at 1 Hz. Fatigue testing of composites with minor fabric alignments can create varia-
tions in material behaviour, as previously determined by Alam et al. [25]. Blythe et al. [40]
showed that matrix cracking occurred within 4000 cycles, after which, the next significant
modulus decrease was due to fibre failure. The unidirectional composites were tested with
a load of 700 N, while the testing load for the deliberately offset samples was 300 N. The
loading was set to 700 N, which was converted from the value in MPa that was determined
during quasi-static testing. The preloading condition for both scenarios was 100 N to
prevent sample movement during cyclic loading. A constant load of 700 N was chosen to
simulate the fixed force experienced by load-bearing structures.

3. Results and Discussion
3.1. Waviness Effect of CFRP in Hand-Layered Composites
As a basis for comparison, in this section, off-the-shelf CFRP prepregs and the effect of

crimping on alighment and waviness are investigated. Crimped CFRP was deliberately
wavy and illustrated the mechanical performance with slight angular defects, as shown in
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Figure 9. The maximum outliers shown in Figure 9L1I, highlight that the fibre alignment
was affected by cross stitching, which is depicted in (IV), showing a misalignment of up to
6.89° measured at P.
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Figure 9. Crimped fabric to illustrate the effect of waviness on both the fibre alignment and the
mechanical strength: (I) crimped CFRP fibre alignment as determined via a radial sum analysis in
Image] and (II) fibre consolidation and misalignment in crimped CFRP.

The resin-rich zones created in crimped CFRP created a wavy pattern. The fibres were
then prevented from fully consolidating into a laminate. Instead, a solid crimped fabric
existed, which caused a defect zone within the composite laminate, as shown in Figure 91.
There were many different fibre angles present in one localised area due to crimping; this
created a random distribution. As other layers were not aligned with the previous layer,
the randomness further increased. Machine tooling ensured that the crimping could be
distributed evenly across the laminate. However, with hand laying, it was difficult to
evenly spread the crimping throughout the laminate. As a result, the fibre angle was +5.04°
and +5.02° for the crimped fabric. Partial consolidation was achieved between the fibre
bundles during pressing; however, resin rich zones were present, as depicted in Figure 10IL

3.2. Alignment of CFRP Fibres Created by Hand Laying and the Fill Multilayer

To analyse the Fill Multilayer’s performance, a comparative study of both static and
dynamic three-point bending was conducted. To determine the effect of alignment on the
fabric’s mechanical properties, both modulus and flexural strength destructive evaluations
of the untested samples were performed. The alignment was measured using radial sum
analysis in Image]J, as shown in Figure 10. Four samples were taken from the outer edges
of the plate, and an additional four were taken from the internal plate structure. This
was to investigate differences occurring due to edge alignment between the mould and
the CFRP plate.
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(1)

1.2

Grey intensity

= CFRP-Hand e CFRP-Hand
——— CFRP-Hand ——— CFRP-Hand

Figure 10. Analysis of the orientation of CFRP fibres produced by hand laying: (I) fibre alignment
graph of a row from sample 1 taken from the centre of the test plate; (II) ten CFRP layers from the
edge. Images were taken after cutting though an untested sample; fibre orientation images were
analysed using Image].

The radial sum analysis showed that the fabric was more aligned in non-crimped
fabric compared with crimped fabric. Crimping induced waviness, with an average fibre
alignment of over 5°, and that of the hand-layered samples of only 3.45°. The main cause of
misalignment was determined to be ply rotation rather than individual fibre misalignment.
One artefact noticeable in the radial sum analysis was the split peak on the ninety-degree
side; in Figure 10, the fibres were aligned such that cutting through the fabric removed the
fibre ends. In this figure, there are several layers that appear to be aligned in contrast with
the other fabric. This was visible in the radial sum analysis, and although it was difficult
to quantify the degree of misalignment, the grey intensity was different due to the lack of
fibres. Use of the Fill Multilayer led to an expected improvement in the fibre alignment
compared with the hand-layered counterpart, with a decrease in the fibre dispersion from
3.45° to 1.68°.

After examining the helix structure, it was determined that a minor fibre scattering
of only 1.68° occurred during CFRP-F pressing; thus, the misalignment for a multidirec-
tional composite should have a <2° margin for error. This result shows that the coupons
produced in the Fill Multilayer were better aligned and had a greater mechanical strength.
As there was greater fibre misalignment between CFRP-Hand, as shown in Figure 10,
and CFRP-Fill, as shown in Figure 11, the next step was to analyse the difference in the
defects present in these samples. The void concentration was shown to increase after
ultrasonic welding, with the average void content increasing by 9.24% from 3.46 + 0.55% to
3.78 £ 0.58% for CFRP-Hand and CFRP-Fill, respectively. This similarity in the void content
suggests that the CFRP-Fill sample was minorly impacted by ultrasonic welding. However,
mechanical tests showed that that this was not detrimental to the laminate’s quality. It was
anticipated that cross stitching would lead to a larger resin-rich zone for void formation;
however, there was no additional void content in this area. From the micro-CT data, it was
shown that there were several instances of void formation during ultrasonic welding in the
helix structure. Using Image-], the void content of the thousand image slice was taken to
accurately determine the void content for the centre of the structure.



J. Compos. Sci. 2024, 8, 92

11 of 23

1

(1) o9

oo 0 9o
o N

Grey intensity
(=)
=

== CFRP-Fill
~— CFRP-Fill

100

Angle °
== CFRP-Fill
CFRP-Fill

Figure 11. (I) Fibre alignment graph of CFRP-Fill test samples taken from the centre of the test plate;
(I) fibre alignment graph of CFRP-Fill test samples taken from the outer edge of the test plate.

3.3. Alignment of Fibre Stacks at Different Layup Orientations

To test the alignment performance of the Fill Multilayer, a bioinspired helicoidal
structure was created with a tape offset of 5°. This helicoidal structure, based on Bouligand
structures, has been shown to have an improved impact resistance [47-50] and would serve
to showcase the Fill Multilayer’s laying accuracy. The improved impact resistance could be
attributed to the coupled effects of the fibre offset (1° to 25°) and spiral stacking sequence,
which resulted in a longer crack propagation path. A helicoidal structure can be developed
via automatic tape laying at a 5° offset. The structure’s behaviour was tested alongside the
accuracy of the machine’s placement. There was a problem with low-angle fibre offsets, as
the fibre tolerance needed to be high to stop gaps from occurring within the fibre stacks.

Assuming that the Fill Multilayer had a margin of error of ~1.26°, it was expected
that a helix structure that was layered every 5° would result in fibre alignment of 4° to 6°.
Figure 12 shows that ultrasonic welding produced a void concentration below the tape,
assuming some tow splitting, which resulted in the resin being partially cured; this then
created inter-tow voids during curing.

Figure 12. Analysis of the orientation of CFRP 5+ fibres created by the Fill Multilayer using Image];
(I) mid slice, (IT) end slice, (IT) graph of the fibre angle measured via microscopy and micro-CT.
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600 frames

Figure 121 shows the effect of improper consolidation on the centrepiece (the fibre
contained voids). An increase in void concentration could be observed from the micro-CT
results shown in Figure 13, where the fibre exhibited divots caused by compression of
the fibres using an ultrasonic weld horn. The divot in the CFRP prepreg resulted in a
semicircular displacement of the resin, and it was shown via CT that this displacement
caused voids under the divot area. The preform was held together with resin; therefore,
the only fabric characteristics affecting the fibre geometry in the Z direction were fibre
nesting and ultrasonic weld spots. Ultrasonic weld spots were difficult to detect by ex-
amining cross sections; instead, micro-CT images of the entire sample were taken and are
shown in Figure 13.

300 frames

Inter tow voids running approximately 12 mm though the composite

900 frames

Figure 13. Micro-CT of CFRP helix structure slices 0 to 900. View of the CFRP voids within the
fibre tow.

The initial micro-CT images shown in Figure 13 show that the majority of the void
contents in the material were positioned between the tapes. The tape and inter-tape voids
were likely a result of gaps in the tape, which were formed by compressed trapped air. The
image slices were stacked in the XZ axis, as shown in Figure 14, allowing for a radial sum
analysis of the (45°, 40°, 35°, 30°, 25°, 20°, 15°, 10°, 5°, 0) offsets.
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Figure 14. Micro-CT scan of top-down beam in 3D snippet of (I) images slices of the Y-Z axis;
(IT) image slices of the XZ axis; (IIT) 3D image stack of image slices 200-400.

From the images, it is clear that the coupon edges were minorly damaged due to the
cutting process with deliberate misalignments. Several cracks ran from the voids to the
edges, resulting in pre-cracked coupons. The XZ images were used to generate the radial
sum plot shown in Figure 15.

Normalised grey 1

Normalised grey 2

Normalised grey 3

o

100 150 200 250 350 Normalised grey 4
Angle °

Figure 15. Fibre alignment of each layer in (45°, 40°, 35°, 30°, 25°, 20°, 15°, 10°, 5°, 0) taken from
micro-CT scans.

The fibre alignment of the (45°, 40°, 35°, 30°, 25°, 20°, 15°, 10°, 5°, 0) samples was
determined to be 2.21°. This increase, compared with the UD fabrics, suggests that tape
misalignment increased as the fibres were pressed. This was expected as the fibres were
moving over one another, becoming wavey, and the fibres were unable to nest without
being bent.



J. Compos. Sci. 2024, 8, 92 14 of 23

Flexural strength (MPa)

Flexural Stregnth (MPa)

1400

1200

1000

800

600

400

200

1600

1400

1200

1000

800

600

400

200

3.4. Quasi-Static Three-Point Bending of CFRP-UD Fabrics

As in the hand-laying method, a sheet of CFRP prepreg and not tape was used so
that no gaps or ultrasonic weld marks could form. It was expected then that these defects
would not be present in samples produced via hand laying compared with those produced
via the Fill Multilayer. The change in the CFRP-Hand samples was shown to be less than
that of the CFRP-Fill samples.

The hand-layered CFRP-Hand samples had a similar flexural strength maximum, as
shown in Figure 16. The samples produced using the Fill Multilayer exhibited a higher flexu-
ral strength than that of the hand-layered samples, with an average of 1218.57 4 78.85 MPa
compared with 1116.59 + 82.39 MPa, taken from Figure 17. No observable difference in the
failure mechanism was found between the CFRP-Hand and CFRP-Fill samples.

5 —
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Strain (%)
Figure 16. Hand-layered CFRP stress—strain curve after three-point bending tests.
1 ——CFRP-Fill
] T r .o~ o ~—To—T——Tr 7T T O>rrr~7—T7T T ~T°T7T 7T r~T7TTTT T TT T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Strain (%)

Figure 17. Flexural strength of Fill Multilayer-manufactured CFRP.
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The main issue with the Fill Multilayer machine was the high deviation in the flexural
strength of 78.85 MPa, which was higher than that of the hand-layered samples. This
deviation was investigated to determine whether the result was due to ultrasonic welding
marks occurring under the machine head (out of the cut 18 samples, 4 should be free from
ultrasonic welding marks). During testing, it was shown that minor premature failure
occurred in samples with ultrasonic weld spots. This sample inconsistency led to the use of
a thermoplastic nanofibre inter-layer to attempt to reduce the weld defects. Additionally,
this failure could be due to gaps between the tape, as alternating tapes would wither and
thus a weld mark or gap would appear.

The failure mechanisms of the UD samples shown in Figure 18 showed that both Fill
multiplayer samples failed due to compression failure turning into inter-laminar delam-
ination, as expected. From microscopy performed on the Fill Multilayer samples, it was
clear that the failure of both samples initiated due to buckling of the first carbon fibre layer,
which then propagated into inter-laminar failure.

= . Interlaminarfailure g=

= e

Figure 18. Failure mechanisms of Fill Multilayer-produced UD samples.

3.5. Tape-Laying Accuracy at Different Fibre Angles

In deliberately offset samples, the stress—strain response exhibited a more pseudo-
ductile response than that of the brittle UD samples. Rotation around the fibre angle
produced a flattened peak response in the crack propagation, as shown in Figure 18.

The response showed that the (0°, 5°, 10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°) CFRP
underwent catastrophic failure due to failure of the compression layer’s UD fabric. In the
(45°,40°, 35°, 30°, 25°, 20°, 15°, 10°, 5°, 0) sample, the UD fabric under tension was aligned,
resulting in a higher flexural strength.

This investigation into the flexural strength and angle of alignment demonstrated an
exponential relationship between the fibre alignment and flexural strength. It is important
to note that a unidirectional fabric was assumed in the (0°, 5°, 10°, 15°, 20°, 25°, 30°, 35°,
40°, 45°) helix sample with the characteristics of a single carbon layer under compression.
The reverse sample, as depicted in Figure 18, had a significantly higher flexural strength
than the 0° fibre angle sample under compression.

From Figure 18, an average flexural strength of 487.70 & 53.23 MPa for helix-CFRP
could be determined. The (45°, 40°, 35°, 30°, 25°, 20°, 15°, 10°, 5°, 0) samples had flexural
strengths of 204.08 MPa and 245.62 MPa. The pseudo-ductile behaviour was examined
via microscopy, and it was determined that the failure of the material was very similar to
that of the helicoidal structure. As with the helicoidal structure, crack propagation was
deflected by the low angle of reinforcement around the fibres. The resulting failure was
delamination and inter-fibre failure, as shown in Figure 19.
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Figure 19. Flexural testing of CFRP via three-point bending tests for stacking sequences: (I) helix-
CERP (45°, 40°, 35°, 30°, 25°, 20°, 15°, 10°, 5°, 0) and (II) (0°, 5°,10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°).
A pseudo-ductile response to flexural loading is demonstrated.

There was little difference between the failure mechanisms of the helix-CFRP and the
control samples. All samples exhibited significant fibre propagation in the inter-fibre region
due to the change in fibre direction. This resulted in extensive inter-fibre delamination
between fibres, as shown in Figure 20.
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Figure 20. Helix-CFRP (0°, 5°,10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°) optical images of failure mecha-
nisms with (I) helix-CFRP-Fill and (IT) control.

3.6. Examination of the Flexural Strength at Different Fibre Misalignment Angles

The resulting fibre alignment and void characteristics are shown in Table 2. The hand-
layered CFRP plies exhibited a fibre misalignment of 0° & 3.5° in the in-plane direction
after curing, as shown in Table 2. A potential flaw found in the Fill Multilayer process was
the ultrasonic welding step, which caused a section of epoxy to be cured and fibre waviness
to occur. Initial imaging showed that the fibres were pushed out from the centre of the weld
spot, causing a resin-rich centre under the welder horn. Tow splitting in the y-direction, as
seen in Figure 12, was a contributing factor to misalignment in the x-direction.

Table 2. Mechanical and fibre alignment of CFRP produced by hand and by the Fill Multilayer.

Sample Fibre Alignment Flexural Strength MPa Flexural Modulus GPa
CFRP-Hand 345° 1049.81 4 35.45 72.15 £ 6.85
CFRP-Fill 1.68° 1218.57 - 78.85 73.33 £4.01
(45°, 40°, 35°, 30°, 25°, 20°, 15°, 10°, 5°, 0) 221° 475.128 £ 38.46 19.7 £ 0.49
(0°,5° 10°,15°,20°, 25°, 30°, 35°, 40°, 45°) 221° 31.8+1.92 6.57 +0.38
CFRP-Crimped 5.18° 920.33 £+ 39.8 60.28 £ 5.86
CFRP-Crimped-Traverse 5.04° 326.25 £45.2 2.17

The alignment of the fabric differed between hand-layered CFRP and that layered by
the machine. The deliberately offset fabric had a higher misalignment angle than the CFRP-
Fill sample. It was anticipated that the compression process would result in fibres rotating
to nest in one another, as well as waviness during compression, hence the higher angle of
misalignment compared with the UD samples. During processing in the Fill Multilayer,
the tape became the limiting factor, affecting random fibre alignment. There were several
issues with the tape, such as splitting of the toes before spooling and prepreg sliding
due to friction and pressing. To determine the effect of fibre alignment, a hand-layered
sample was compared with a Fill Multilayer-manufactured sample under identical curing
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conditions. As a further reference, a hand-layered crimped UD fabric was studied. The
resulting average flexural strength and modulus were recorded for each sample, as shown
in Table 2. The angle of fibre misalignment was measured at different flexural strengths, as
shown in Figure 21, showing the exponential relationship between the fibre angle and the
flexural strength.
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] CFRP-Fill
1l e
: : ® CFRP-Crimped
] @ CFRP-Crimped-Veil
] ® (45°, 40°, 35°, 30", 25°, 20°, 15°, 10°, 5°, 0)
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] °
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Figure 21. Plot of CFRP’s flexural (I) strength and (II) modulus at different fibre orientations as a
function of the average alignment of the fibre over the span of the test length.
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The logarithmic relationship between the CFRP alignment and fibres shown in Figure 21
indicated that, despite the cross stitching, the material properties obtained by aligning
the fibres manually could be reliably predicted. However, this relationship was not true
for the (0°, 5°,10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°) stacking order, only the reverse. The
lower limit of the yield point perpendicular to the fibre angle was determined by the resin’s
flexural characteristics. The upper limit of the composite was determined by the maximum
tensile strength.

3.7. Dynamic Testing of CFRP

To determine the shear stress in the presence of fibre misalignment in the matrix,
which is the main cause of matrix cracking, a comparison of cross-stitched CFRP to non-
crimped CFRP was performed to determine the effects of waviness on the fibre. Initial
matrix cracking was visible around the cross stitches, as the matrix-rich areas were prone
to crack initiation. Compared with the CFRP without stitching, a higher flexural modulus
was determined via quasi-static testing. It was expected that, due to higher misalignment,
the hand-layered material would have more matrix cracks and the Fill-CFRP sample would
have a higher stiffness retention.

During quasi-static tests, the strain behaviour was dominated by the modulus of the
CFRP-Fill and CFRP-Hand samples, with values of 73.33 GPa and 72.15 GPa, respectively.
However, the stress—strain behaviour was correlated with the fibre alignment, with Fill
samples having a higher strain of 0.008% compared with 0.006% for hand-layered samples.
The failure mechanism that led to this nonlinear behaviour is shown in Figure 22. The
majority of CFRP-H samples exhibited ply delamination in the compression layer; this also
occurred in quasi-static testing.

800
800
(1 ()
o 600 o 600
o [« 9
= =
9 400 A 400
(] [J]
5 5
200 200
0 0
0 0.002 0.004 0.006 0.008 0 0.002 0.004 0.006 0.008
Strain % Strain %

Figure 22. Stress—strain curve of CFRP manufactured via (I) hand laying, (II) the Fill Multilayer,
cyclically tested using three-point bending to a maximum loading of 700 N for 4000 cycles to examine
matrix cracking.

The failure of the crimped and non-crimped fabrics in both static and dynamic testing
clearly indicated the difference in flexural strength. In CFRP-Crimped samples, failure
occurred via block crack propagation compared with the delamination occurring between
plies in CFRP-Fill and CFRP-Hand samples. Delamination caused a larger drop in the
modulus compared with CFRP-Crimped. After 4000 cycles, the modulus of CFRP-Hand
was 54 GPa £ 1.98 GPa.

The UD CFRP samples all exhibited little stiffness degradation after 4000 cycles at 70%
of the maximum loading, with the lowest occurring for CFRP-Fill at less than 3% across the
data set, as shown in Figure 23.
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Figure 23. Microscopy of CFRP manufactured by hand laying, cyclically tested using three-point
bending to a maximum loading of 700 N for 4000 cycles to examine matrix cracking.

The non-crimped fabric produced via the Fill Multilayer exhibited a smaller flexural
modulus decrease compared with hand-layered samples, as shown in Figure 24. A decrease
in the fibre alignment led to a greater stiffness retention in these samples compared with
hand-layered samples. The reproducibility of the CFRP-Fill samples was significantly
higher than the other samples, suggesting minimal manufacturing defects. The zero-tack
resin used in the CFRP in the Fill Multilayer required a five-minute curing time. However,
when the fibre alignment was as low as 1.68, the shear stress affected the matrix and thus
large longitudinal delamination occurred. Compared with the Fill Multilayer-produced
samples, the stiffness loss was minimal, with an average drop of 1.4% in the modulus
after cycling.

m CFRP-Hand = CFRP-Fill Crimped CFRP

Figure 24. CFRP modulus change after 4000 cycles at 700 N loading for 4000 cycles for handmade
and Fill Multilayer-manufactured CFRP.
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4. Conclusions

Fibre alignment was shown as the lead cause of matrix cracking, as poor alignment led
to fibre shearing. The Fill Multilayer machine produced UD composites with an alignment
of £1.26°, lower in comparison with hand-layered composites, which had a minimum
alignment of £3.45°. Minimal misalignment occurred due to the Fill Multilayer, leading
to a higher flexural strength, with inter-laminar failure occurring on the tension side.
Compression failure in the hand-layered samples resulted in significant delamination and
buckling. The cracks continued to propagate after their initial formation, with significant
loading retention.

The improved fibre alignment of samples manufactured by the Fill Multilayer led to
significant improvements in the flexural strength. With the Fill Multilayer, an improvement
in the fibre alignment compared with hand laying was observed, showing a better repro-
ducibility. The deviation in Fill Multilayer samples was high due to several processing
issues and the effects of ultrasonic welding. In the microscopy cross sections, there was a
high concentration of voids within the inter-tow region of the fabrics. During ultrasonic
welding, a divot occurred within fabrics with a higher alignment; this had a minimal impact
on the laminate. The void content in handmade and Fill Multilayer-produced CFRP was
3.46% and 3.75% in this study. As the void content was within the standard deviation of
the Fill Multilayer-produced coupons, it was concluded that ultrasonic welding had only a
minor effect on the void content. The increase in void concentration was consistent with
the prior literature.

The main manufacturing defects were rolling and unrolling, as the Fill Multilayer
had a tape width threshold of +0.05 mm, which resulted in a low fibre alignment as the
tooling became the limiting factor affecting the fabric alignment. Random alignment was
limited by the Fill Multilayer machine, with the tolerances for the roll and tape being a
limiting factor in alignment. It is therefore necessary to identify the machine tolerances
when predicting fibre alignment. In addition to investigating these machine tolerances, in
situ process monitoring and modelling also have great potential in future work.
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