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Abstract: The trend of research and adoption of natural plant-based fibre reinforced composites
is increasing, with traditional synthetic fibres such as carbon and glass experiencing restrictions
placed on their manufacture and use by legislative bodies due to their environmental impact through
the entire product life cycle. Finding suitable alternatives to lightweight and high-performance
synthetic composites will be of benefit to the automotive, marine and aerospace industries.
This paper investigates the low-velocity impact (LVI) and flexural properties and damage
characteristics of flax-carbon/epoxy hybrid composites to be used in structural lightweight applications.
LVI, for example, is analogous to several real-life situations, such as damage during manufacture,
feasibly due to human error such as the dropping of tools and mishandling of the finished product,
debris strikes of aircraft flight, or even the collision of a vessel with another. Carbon fibre has
been hybridised with flax fibres to achieve enhanced impact and flexural performance. The failure
mechanisms of woven flax and flax-carbon epoxy hybrid composites have been further analysed
using Scanning Electron Microscopy (SEM). It was observed from the experimental results that carbon
fibre hybridisation has a significant effect on the impact and flexural properties and their damage
modes. The results obtained from this study exhibited that the flexural strength and modulus of plain
flax/epoxy composite increase significantly from 95.66 MPa to 425.87 MPa and 4.78 GPa to 17.90 GPa,
respectively, with carbon fibre hybridisation. This significant improvement in flexural properties
would provide designers with important information to make informed decisions during material
selection for lightweight structural applications.

Keywords: flax fibres; low-velocity impact; hybrid composites; mechanical properties;
damage mechanisms

1. Introduction

The rise in global warming and the increased public awareness of the impact of pollution arising
from the use of non-renewable sources is driving governments and business sectors to tackle climate
change. There are many initiatives undertaken to stabilise and reduce the impact of greenhouse gasses
(GHGs) on the natural world. The European Union (EU) for example has set penalties in the form of
registration premiums [1] for all new vehicles registered, which exceed emission targets.

Natural fibres have a lower density and problem-free disposal, leading to them being a strong
emerging alternative to synthetic fibres [2].

Composites Evolution [3] have produced a car door using a carbon/flax hybrid system. The company
suggests that the mechanical properties of the carbon fibre are not significantly lost in a system where
the inner layers of the composite structure are replaced with flax fibre. On the contrary, the flax fibre is
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proposed to reduce noise, vibration, and harshness throughout the structure. A study performed by the
Composites Evolution (“Reducing the Cost, Weight and NVH of Carbon Fibre,” 2014) has found that
a carbon/flax hybrid system is 15% cheaper, 7% lighter, and displays 58% greater vibration damping
qualities over a full carbon fibre composite. Also, the flexural modulus is almost identical to carbon
fibre, the latter scoring 47 GPa and a carbon/flax hybrid composite achieving 44 GPa. The company
uses a 50/50 ratio of carbon/flax fibre, with the outermost layers consisting of carbon fibre.

A very interesting point has been made [4] that natural fibre composites offer an almost Carbon
Dioxide (CO;) neutral disposal process based on the captured CO, in natural fibres during their growth.

A growing awareness of industrial environmental impact has stimulated research into the
development of environmentally friendly and sustainable materials [5]. Dhakal et al. investigated the
effects of fibre orientation and thickness of natural fibres under an impact load. This study characterises
the damage mechanisms in natural fibres throughout an impact event. It finds that after the samples are
loaded beyond their elastic limit, damage begins to occur, in the form of matrix cracking. As the load
continues the increase, the further onset of damage is seen as interfacial debonding as the specimen
reach their peak loading. After this point, delamination and fibre breakage takes place until ultimately
the sample is penetrated by the hemispherical tup. The orientation of fibres, fibre volume fraction,
and matrix properties all have a significant effect on the damage type and severity observed.

Research into flax fibre reinforced epoxy composites [6] suggests that while flax may be considered
one of the strongest natural fibre replacements for synthetic fibres, data on the transverse, shear, and
compressive response of flax reinforced components is limited. The study found that delamination
and fibre breakage is most prevalent in shear failure; while defibrillation and fibre cracking is presents
under tensile loading. They suggest that matrix-related damage events, such as cracking and plasticity,
are not a significant contributor to damage initiation or failure in flax composites.

The work undertaken by Sarasini et al. [7] studied the effects of layer sequencing on carbon/flax
hybrid composites. An impact test in their work was carried out on four different configurations at
energies between 5 and 30 J, in 5 ] increments. While flax showed a better energy absorption capacity,
it suffered greater internal damage and high compliance. The study found that the arrangement of
carbon fibre on the outer layers, with inner flax fibre ply, has the best flexural performance. The damage
pattern in the carbon samples showed a propagation of shear cracks moving far away from the impact
zone, whereas the flax samples suffered heavy delamination. The samples with outer flax layers saw
better mechanical and impact absorption properties over using a flax core. The flax samples began to
show signs of penetration after 30 J, in 18-layer samples.

A study into natural fibre hybridisation by Dhakal et al. [8] looked into the performance of
a hybrid natural fibre composite material, of hemp/basalt. The study found that natural fibres alone
suffer critical issues with low post-impact residual damage tolerance through early fibre fracture and
matrix cracking; however, the basalt skins assisted in delaying fractures of the hemp core, suggesting
there are grounds for further investigating natural fibre hybridisation.

The effects of hybridising natural fibres with other materials [9], in this case, basalt, have brought
an improvement of mechanical properties, such as improved resistance to impact damage and residual
flexural strength properties compared to non-hybrid composites.

In recent years, critical engineering sectors, such as automotive, marine and aerospace are
looking for lightweight composite materials to reduce their overall cost and weight with improved
functionality [10]. The main goal of this study is to investigate the influence of carbon fibre hybridisation
on the mechanical properties of carbon fibre epoxy, flax fibre epoxy, and a hybrid carbon/flax epoxy
composite structure. This will be of direct benefit to industries aiming to reduce their carbon footprint
by investigating a combination of natural and synthetic materials, which offer greater mechanical
properties in certain applications.

Furthermore, using a variety of damage characterisation methods, this study will attempt to
understand and highlight the failure mechanisms of hybrid systems, which will be useful for design
engineers using composite materials to design components.
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2. Materials and Methods

2.1. Materials

The two reinforcing materials used were epoxy-based prepregs ‘HexPly M56” unidirectional carbon
fibre and ‘SDH VTC401LV’ unidirectional flax fibre. Epoxy-based carbon and flax reinforcements used
were obtained from Gurit and SHD Composites, respectively. The ‘HexPly M56 [11] unidirectional
carbon tape epoxy based prepreg, with a fabric weight of 280 g/m? supplied by Gurit, has a fibre
density of 1.78 g/cm?.

The flax fibre prepreg unidirectional mats with a fabric weight of 350 g/m? were obtained from
SHD Composites, based on a VTC401 epoxy component. The flax fibres have a density of 1.5 g/cm?,
and in this case, the fibre volume of the prepreg is 50%.

2.2. Sample Preparation

The samples have the same layup procedure before being cured in the oven to their respective
manufacturer specifications. The unidirectional prepreg is laid up into generic sheets of eight layers
with a stacking sequence specified in Table 1. This ensures that the interface between carbon and flax
in the hybrid composite is opposed at 90 °C and that there is a symmetrical distribution of fibre plies.
The averages of fibre volume fraction (FVF) for flax/epoxy, carbon/epoxy, and flax-carbon/epoxy hybrid
composites were approximately 56%, 59%, and 58%, respectively.

Table 1. Test specimen layup characteristics.

Specimen Layers  Stacking Sequence (°) Material Sequence
Flax/epoxy 8 0/+45/—45/90/90/—45/+45/0 Fg
Carbon/epoxy 8 0/+45/—45/90/90/—45/+45/0 Cg
Flax-carbon/epoxy hybrid 8 0/+45/-45/90/90/—45/+45/0 CoF4Cy

The material uses a vacuum bag to de-bulk and removes as much air as possible; a test is carried
out by sealing the bag and removing the applied vacuum to ensure there are no vacuum leaks.

The samples were cured under similar conditions. The only difference was their ramping and
dwelling temperatures, which were from 20 °C to 180 °C + 5 °C and 180 °C + 5 °C, respectively
for CFRP composite sample, and 20 °C to 135 °C £ 5 °C and 135 °C + 5 °C for FFRP and its hybrid
samples. These temperatures were effective to obtain expected full curing. To ensure full cure of the
matrix, a differential scanning calorimetry (DSC) test was performed and the correct glass transition
temperature was measured.

Once the layup is complete, and the samples have been correctly de-bulked, the panels were
placed in the oven for a controlled curing cycle as specified by the manufacturer of the prepreg epoxy
resin. Temperature ramps are strictly controlled to ensure that the resin correctly cures; otherwise
high-temperature snap curing can have reduced effectiveness as the impregnated resin is not allowed
to flow to specification. After successful curing, the samples were CNC waterjet cut to sprue style
templates for final collection and damage characterisation testing.

2.3. Low-Velocity Falling Weight Impact Testing

An impact test was undertaken on ZwickRoell HIT230F (ZwickRoell GmbH, Ulm, Germany),
using preformed impact test samples. The incident impact energy was set at 25 joules (enough to
penetrate the flax samples); with an impact velocity of 1.468 m/s and a total mass of 23.11 kg from
a height of 110 mm. The specimens were firmly fixed at all edges using annular clamps with inner and
outer diameters of 50 and 75 mm respectively. The specimens were cut by waterjet cutting from the
laminate to a specimen size of 70 mm X 70 mm. Four specimens were impacted per each composite
category and average values were taken.
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The data obtained from the test was used to understand and evaluate the behaviour of carbon
fibre alone, flax fibre alone, and carbon/flax hybrid composites under impact loading. It is important to
understand how the material is deforming, and the failure modes that are present.

The impact samples were fully supported on a hardened steel retaining surface. Each specimen’s
thickness was measured in 90° incremental rotations using calibrated digital calipers. An average
thickness, 2 mm for each sample, was obtained for each sample and then further averaged to give
a total specimen thickness.

2.4. Flexural Testing

The flax/epoxy, carbon/epoxy and flax-carbon/epoxy hybrid composites were tested for
determining flexural strength and modulus using a three-point bending test on a ZwickRoell Z030
(ZwickRoell GmbH, Ulm, Germany) machine in accordance with the BS EN 2746:1998 test method.
A total of five samples were tested for each type of composite with a crosshead speed of 2 mm/min.
The span-to-thickness ratio was kept at more than 16 times the thickness of the specimens. The panel
thickness was approximately 2 mm for each specimen. Four specimens from each composite laminate
were tested, and average values were taken.

The width and thickness of each sample were measured in three locations evenly distributed
across the specimen’s length. An average of the measurement data was obtained to be used to calculate
the cross-sectional area, which was ultimately used to calculate the flexural strength and modulus of
the specimen.

2.5. Damage Modes Characterisation

2.5.1. SEM

The fractured surfaces of failed samples under impact and flexural loadings were cut to fit within
the vacuum chamber of the Zeiss Evo 10 scanning electron microscope (SEM) (Carl Zeiss Microscopy
GmbH, Jena, Germany). The parted samples were then individually bagged to reduce contamination
and then bonded to aluminium mounting stubs, and the specimen is coated in gold/palladium (Au/Pd)
before entering the vacuum chamber.

2.5.2. Visual Inspection

The samples were catalogued with a digital camera; failure modes were observed and recorded.
3. Results and discussion

3.1. Impact Damage Characteristics

Three different types of composite materials were investigated in this study, namely: flax/epoxy,
carbon/epoxy, and flax-carbon/epoxy hybrid composites. The impact test results, shown in Figure 1,
are a comparison of these three composite types, calculated by taking the average for each material
and finding the sample with the smallest deviation from the average.

In Figure 1a, it is noticeable that the plain flax/epoxy sample shows lower impact force during the
impact event, with no return load (rebound) showing that the material has been completely penetrated
with a lowest peak force of approximately 0.93 kN, and a highest deflection of approximately 12 mm.
The rise in the displacement curve is consistent with the travel of the hemispherical tup impacting the
flax specimen and then each layer taking up the slack, finally reaching the fracture point where the tup
begins to traverse the topmost layer down consistently through each subsequent layer until it pierces
the bottom-most layer.
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Figure 1. Impact test traces (a) force vs. deflection trace, (b) force vs. time trace, (c) energy vs. time.

The carbon/epoxy curve shows the highest impact force, approximately 6.51 kN, with the lowest
deflection, approximately 7 mm. The rebound in the force-displacement curve is an indication that the
impact probe has not sufficiently penetrated the sample.

The flax/epoxy sample had a greater deflection than the carbon/epoxy and flax-carbon/epoxy
hybrid sample, but significantly lower impact force. However, the flax-carbon/epoxy hybrid specimen
exhibited slightly higher deflection than the carbon/epoxy specimen with slightly lower impact force,
approximately 5.39 kN. A point worthy of highlighting here is the deflection at peak force. The deflection
recorded for the hybrid specimen is 2.74 mm, which is higher than that of the carbon/epoxy specimen.
Similar observations can be made in peak energy. The flax/epoxy samples have shown the lowest
energy absorption, approximately 7 joules, whereas the flax-carbon/epoxy hybrid sample had an almost
identical energy (27 joules) to that of the carbon/epoxy samples shown in Figure 1c. This is due to higher
damping properties of the flax core ply inside the hybrid composite. As the impact event is occurring
and each layer takes up slack, the flax layers are able to absorb a greater amount of energy than that of
the carbon fibre outer layers when they are put in tension. Because of this, the flax fibre inner layers
will fail before the carbon fibre outer layers; experiencing debonding, delamination, and fibre pull-out
before the failing of the carbon layers. This is shown in the trace for Figure 1a; as the load is applied
and slack is taken up it moves at a constant rate, however after a deflection of 2 mm the carbon/flax
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specimen experiences an initial drop in force where the impact weight enters freefall. This is because
the inner flax fibres delaminate from the carbon outer layer. Once the carbon layer takes up the slack
again it cannot handle the shock load and begins to fail; after this point, the topmost carbon layers
debond longitudinally to the unidirectional layup, with the carbon fibres finally breaking after 4 mm
of drop weight travel through the sample. These observations can be related to the front and rear faces
of the impacted samples.

The hybrid carbon-flax/epoxy does not reach peak load before serious fibre breakage,
or delamination begins to occur in the data of Figure la. The force transferred into the impact
sample drops momentarily by 2 kN. At the same time the work exerted on the sample has a small
plateau at 28 ms into the rest as shown in Figure 1c. The force then climbs until reaching the peak load
and oscillates as the impact tip tears through the fibres and matrix layers.

What is very interesting is how the carbon/flax hybrid sample shows harmonic resonance after the
initial flax inner fibre failure [12], where the force applied also rings as it is dampened. Here, the flax
layers, which have not yet failed, are damping the resonance which the carbon layers are experiencing.

The carbon/flax hybrid shows a similar pattern to carbon fibre with similar deformation potential;
however, the downslope shows greater step sizes due to the different failure modes of the hybrid
composite. The interfaces between the immediate carbon and flax layers proved to be weak and showed
a very large delamination affected zone.

Another recent study supports the carbon/flax impact results [7], which shows a hybrid carbon/flax
sample with a flax-fibre core exhibiting a peak force 82% below that of carbon; this report shows the
hybrid carbon/flax sample demonstrating a peak force of 84.5% of carbon alone.

As the hemispherical impact tup traverses through the impact sample, plain carbon fibre
epoxy and flax-fibre epoxy both exhibit predictable behaviour; however, the hybrid samples show
interesting behaviour.

The carbon sample has a consistent application of force until it has reached its peak load at
2.237 mm. Between 2 mm and 4 mm of displacement, the impact object traverses the multiple layers of
the sample, with a sharp reduction in force of 1500 N every 0.5 mm as it breaks a new layer until it
comes to rest after breaking every fibre layer.

In Figure 1c, flax-fibre shows a smaller total amount of energy transferred between the probe and
the sample, with the rate of transfer having a slower curve than that of the other samples. The probe
comes to rest after penetrating the sample approximately 10 ms into the test, with force ceasing to be
applied once maximum deformation has been reached. This is due to the difference in the stresses
between the flax fibres and the matrix interface being large enough for debonding and delamination to
begin to occur earlier than in the plain carbon or carbon/flax samples [2].

The carbon/epoxy and flax-carbon/epoxy hybrid systems show a consistent downslope in Figure 1b
after 36 ms, due to energy being transferred back into the impact probe, as the fibres (still within
their elastic limit) return to their original elongation. The carbon/epoxy specimen shows a more
consistent reduction in the force applied until recoil; however, flax exhibits an arc of force applied to
increase before recoil, demonstrating the dampening properties of the flax layers within the sample.
Similar positive hybrid effects on the impact behaviour of natural fibre composites were reported by
Sarasini et al. [13]. with intraply hybrid flax-basalt composites. The natural fibre reinforced composites
have low impact resistance behaviour compared to their conventional counterparts, such as glass
and carbon fibre reinforced composites. A significant impact properties enhancement with the carbon
fibre hybridisation is a very positive achievement towards using these sustainable composites as an
alternative to pure synthetic composites in load-bearing applications while maintaining their partial
green attributes.

3.2. Flexural Properties

The average flexural properties of three different types of composites are presented in Table 2,
and load vs. deformation traces of these composites are shown in Figure 2. It can be extrapolated from



Fibers 2019, 7, 95 7 of 16

the results illustrated in Figure 2 that flax-carbon/epoxy hybridised samples have shown a significant
improvement in flexural strength and modulus. Precisely, the flexural strength of plain flax/epoxy
increases significantly from 95.66 MPa to 425.87 MPa (an approximate 345% improvement) with carbon
fibre hybridisation. Similarly, the flexural modulus of plain flax composite was increased from 4.78 GPa
to 17.90 GPa (an approximate 274% improvement) with carbon fibre hybridisation. These values
represent the highest mean value amongst the studied composites. The significant enhancement in
flexural modulus is dependent on several factors such as fibre content and modulus of fibre itself.
Moreover, the compatibility between flax and carbon fibre as well as matrix and reinforcements may
have contributed to the improvement in flexural modulus. This improvement is further attributed
to the effect of hybrid mechanisms. The lay-up sequence for hybrid composites was two layers of
high-modulus carbon fibres on the outside surfaces, and the pure flax fibre in the middle has contributed
the highest strength and modulus. It is worth noting that flax fibre is a very stiff material which
has further contributed to this significant flexural properties” improvement. The attainment of such
property enhancement with carbon fibre hybridisation provides a significant potential of natural fibre
hybrid composites to be used for structural light weight applications [14].

Table 2. Average flexural properties obtained from three-point bending testing.

Specimen Peak Force  Flexural Strength ~ Flexural Modulus Deformation at Peak Force
P (N) (MPa) (GPa) (mm)
Flax/epox 115.75 95.66 4.78 4.01
poxy (£6.61) (+5.46) (+1.16) (£0.32)
Flax-carbon/epoxy 553.30 425.87 17.90 3.96
hybrid (+61.63) (+50.93) (+0.31) (£0.22)
Carbon/epox 532.40 464.65 52.82 1.16
arbonjepoxy (+9.55) (+7.89) (+2.16) (£0.13)
600 -
Flax
e Hybrid
500 - Carbon
400
z
§ 300 -+
o
[T
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100 ~
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Figure 2. Force versus deformation traces obtained from flexural testing of flax/epoxy, carbon/epoxy
and flax-carbon/epoxy hybrid composites.

The incredibly high-flexural properties of the carbon/flax hybrid could support a theory of a very
strong interfacial relationship between carbon fibre and flax fibre in an epoxy laminate under flexural



Fibers 2019, 7, 95 8 of 16

load. Similarly, the flexural deformation was significantly higher, increasing from 1.16 mm to 3.96 mm
(an approximate 241% improvement) for flax-carbon hybrid systems compared to carbon/epoxy
systems, indicating a hybrid system is a valid approach towards achieving an improved mechanical
performance of natural fibre reinforced composites.

3.3. Damage Characterisation

3.3.1. SEM Images of Plain Flax/Epoxy Composites under Impact

Scanning electron microscopy (SEM) images of fractured surfaces after the impact of plain
flax/epoxy composites are presented in Figure 3a,b which shows extensive fibre breakage and disorder,
with one large group of fibres becoming an initial focal point. The following magnification scales
(150 and 300), display matrix cracking and debonding of the epoxy from individual fibres, and
additionally show the fibre bending and debonding around a kink band of the flax fibres structure,
with clear twisted and flattened fibres. Similar failure mode under the low velocity impact testing was
reported by Dhakal et al. for hemp fibre reinforced unsaturated based composites [15].

Mag= 150X EHT=1500kV  SignalA=SE1 Dafe .11 Sep 2017
WD =13.5 mm IProbe= 50pA Time :14:33:46

WD =13.5 mm iProbe= 50pA Time :14:36:00

(a) (b)

Figure 3. SEM images of fracture surface morphology of plain flax composites failed under impact
loading at different magnifications (a) fibre debonding and bending; (b) fibre breakage.

3.3.2. SEM Images of Plain Flax/Epoxy Composite under Flexural Loading

SEM images of the fractured surfaces of plain flax/epoxy composites following flexural loading
are shown in Figure 4. In Figure 4a, the tensile (T) and compressive (C) load paths have been annotated.
It is clear that under three-point bending, natural fibres are heavily affected by not only the tensile
stresses but also compression which causes a large amount of compaction on the bottom of the image,
where the loading nose would exert force. This could cause excessive debonding and shear slippage.

Figure 4b shows the result of the fractured surface after the flexural test, as the outer layer has
been debonded from the inner layers at a 0/+45° intersection of the flax fibre epoxy, with a large
portion of the epoxy matrix released, shown in Figure 4c, from the crack with several fibres still
attached. More enhanced views in Figure 4c show the origin of the released matrix bundle, with highly
fragmented matrix portions at this site.

3.3.3. SEM Images of Plain Carbon/Epoxy Composites under Impact Loading

Figure 5 shows uniform breakage as an outer layer of flax fractures upon receiving a flexural load
transverse to the plane of the unidirectional fibre layer. This perspective would be facing the impact
tup as it travels through the SEM image.
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Figure 4. SEM images of fracture surfaces of flax alone composites failed under flexural loading
(a) showing tension and compressive load path; (b) debonding and large part of matrix debulked;
(c) fibre bending, fibre breaks and matrix debulking shown at both compression and tension sides.

i s S i o g SIRY ix
EHT= 15004V Signal A= SET T - KV Signal A= SE1
WD=120mm  IFrobe= 50pA  Time:16:3022 WD=120mm  [Probe= S0pA  Time:16:28:27

() )

Figure 5. SEM images of the outermost layer of carbon fibre impact samples (a) fibre breakage at 150x
magnification; (b) fibre breakage site at an enhanced 300X magnification.

Figure 5a shows that along with uniform fracture points on each fibre, the severe delamination
pattern from the released outermost layer of carbon still presents in the epoxy matrix. This pattern is
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more visible in Figure 5b; the fibres are failing with small delamination visibly occurring and cracks
running longitudinally along fibres.

Moving the focal length down into the impact sample in Figure 5, the multiple layers are visible
with excessive breakage apparent as fibres have been pushed between layers by the impact event.

3.3.4. SEM Images of Plain Carbon/Epoxy Composites under Flexural Loading

The image above, Figure 6a,b, shows multiple carbon fibre layers after having performed
a three-point flexural test. Figure 6 shows a very uniform pattern of fibres, even after breakage. This is
highly contrasting to the flax fibre failures, where individual fibres are chaotic, such as flax in Figure 4.
Figure 6 shows fibre breakage, and a cluster of fractures fibres 100 pm long are distorted away from
the layer’s plane, however the fibres continue to orient themselves through a cohesive matrix; this is
a good example of the brittle nature of carbon fibre epoxy. It can be seen that the matrix is seen to be
partially fragmented, but as the failure was not an explosive release of high tension the matrix did not
shatter and spread itself as an airborne particulate across the surrounding material.

Mag= 75X EHT=1500kV  Signal A= SE1 Date 111 Sep 2017 FRNEN EHT=1500kV  SignalA=SET Date :11 Sep 7
WD =13.5mm 1Probe= 50 pA Time :11:33:52 WD = 3.0 mm IProbe= 50 ph Time :11:36:18

(a) (b)

Figure 6. Plain carbon/epoxy composites under 3-point bending testing sample at different magnifications
(a) matrix cracking and fibre bending at 75x magnification; (b) matrix cracking and fibre bending at
an enhanced 150X magnification.

3.3.5. SEM Images of Flax/Carbon/Epoxy Hybrid Composites under Impact

Figure 7a,b display the internal flax fibre core from the hybrid composite impact test, which
exhibits a wide area of damage through the fibres, with a high degree of fibrillation present on the
large fibres. When enhancing Figure 7c, the portion of the matrix shows significant cracking, tearing
and delamination; with the fibres still attached becoming highly twisted and distorted as the matrix
has been ejected from the primary sample body.

A further view of Figure 7a,b display both carbon and flax fibres in a chaotic site, where flax
fibres from the core piles have intersected the carbon layer. The carbon to flax interface is at a 90°
orientation, at a +45° offset to the topmost layer of the sample. At a higher magnification, the expected
result is seen from an explosive event in a carbon fibre matrix structure. The carbon fibres that have
debonded from the epoxy matrix have scattered and have not remained as a group; such as with
carbon three-point bending.

Furthermore, the third site of interest is a fantastic example of fibre pull-out and the matrix
surface after complete delamination. Again, in Figure 7, it can be seen that the flax fibre epoxy matrix
has delaminated from the carbon fibre interface, leaving a strong pattern of convex valleys at a 90°
orientation to the flax fibre direction. After increasing the magnification, Figure 7c shows the same
explosive carbon fibre matrix contamination left behind on the matrix surface of the flax fibre layer.
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Figure 7. SEM images of flax/carbon/epoxy hybrid composites surfaces failed under impact loading
at different magnifications. (a) flax fibres intersecting a carbon fibre layer at 151x magnification;
(b) enhanced view of flax fibres intersecting a carbon fibre layer at 300x magnification; (c) fibre pull-out.

3.3.6. SEM Images of Flax-Carbon/Epoxy Hybrid Composites under Flexural Loading

Figure 8 shows an SEM micrograph of a hybrid carbon/flax/epoxy sample after the three-point
bending test at different magnifications. The image has been annotated with the tensile (T) and
compressive (C) load paths (Figure 8a).

Figure 8a further shows the interface between carbon and carbon (0°/+45°) showing complete
delamination. Viewing the sample shown in Figure 8, there is a bundle of fibres delaminated from the
main ply, this has caused the load to be transferred into the next later, which is flax.
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Figure 8. SEM images of flax/carbon/epoxy hybrid composites at different magnifications showing (a)
tension and compression pathways, (b) delamination between carbon and flax fibres, (c) delamination

and matrix cracking.

3.4. Visual Inspection of Damage Modes

3.4.1. Visual Observation of Impact Damage

Figure 9 displays the failed surfaces of impact loading showing rear sides of the samples, namely,
flax/epoxy, carbon/epoxy and carbon-flax/epoxy hybrid structures.

The plain flax fibre epoxy impact samples showed complete drop weight penetration in all
samples, shown in Figure 10a,b. Combined large cracks can be seen on the reverse images; the samples
were more likely to suffer radial fractures upon penetration [13] (pp. 559-567). The damage is within
an area similar to the diameter of the impact tup.

The topside of the flax fibre impact samples experiences fibre breakage spanning the circumference
of the impact zone, shown in Figure 10a. The impact tup then folded the topmost layers through the
penetration zone.

The carbon impact samples shown in Figure 10c,d only saw bent fibres around the impact dent as
the tup did not penetrate. The tup did split the upper layer, but no signs of large delamination are
present on the topmost layer.
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However, the bottommost layers of the carbon fibre impact samples saw push out delamination,
shown in Figure 10c,d. The rearmost layer has delaminated in 2 mm wide splinters, rising in an opposing
pattern over the rear of the impact site, in some cases the first layer behind the outermost rear layer has
seen fibres protrude beyond the eighth layer.

The hybrid samples, pictured in Figure 10e,f, show the impact site with a wide area of damage
suspected to be the flax fibres crushing and the matrix cracking heavily internally leading to delamination
from the carbon. As with the carbon only samples, there is excessive push out delamination on the
rearmost layer, with a large amount of fibre breakage and debonding.

(@) (b)

(c)

Figure 9. Post-impact test underside damage (a) flax fibre epoxy, (b) carbon fibre epoxy, (c) carbon-flax/epoxy

hybrid composites.
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@ (b)

(d)

(f)

Figure 10. Damage on impacted front and rear surface of flax, carbon and flax/carbon epoxy hybrid

composites (a) flax front surface, (b) flax rear surface, (c) carbon front and (d) carbon rear, (e) carbon/flax
hybrid front, (f) carbon/flax hybrid rear surface.

3.4.2. Visual Observations of Damage under Flexural Loading

The flax/epoxy samples all displayed crushed fibres around the point of the loading nose contact,
where the fibres are under compression. This is shown in Figure 11a above with arrows marking the
compressive and tensile load paths, including Figure 11b. The compressed topmost layers see excessive

random delamination and matrix cracking. The bottom layers under tension see delamination and
more fibre breakage.
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Figure 11. Failed samples under flexural loading (a) compressed plain flax/epoxy, (b) split outer layer of

plain flax/epoxy under tension, (c) plain carbon/epoxy damage, (d) flax-carbon/epoxy hybrid composites.

The topmost layer of carbon fibre under tension, shown in Figure 11c, suffers massive delamination
from the primary body, which begins to experience a greater form of fibre breakage and debonding
until the primary layers under tension are shown to have an explosive failure. The hybrid samples in
Figure 11d show minimal external damage visible using non-destructive testing methods.

4. Conclusions

The mechanical properties (low-velocity impact and flexural) of flax/epoxy, carbon/epoxy and
flax-carbon/epoxy hybrid composites were experimentally studied. This study has clearly suggested
that carbon fibre hybridisation onto flax/epoxy composites can contribute a significant improvement in
impact damage behaviour and flexural strength and modulus.

Through damage analysis, the hybrid composite displayed similar impact characteristics to the
plain carbon/epoxy composites, far exceeding the performance of plain flax/epoxy composites alone.
It was also evidenced that the natural fibres such as flax also dampened the harmonic resonance during
the test. This is a significant achievement in providing the potential of natural fibre hybrid composites
in semi-structural and structural light-weight applications.

The damage characterisation through SEM imaging has shown the various failure modes of the
plain flax/epoxy and flax-carbon/epoxy hybrid composites, such as the shock loading of flax fibre cores
in falling weight impact and flexural loading scenarios.
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