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a b s t r a c t

A preliminary investigation about the effect of plasma treatment on the properties of natural fibres
extracted from the leaf of the giant reed Arundo Donax L. and their compatibility with a bio-based epoxy
resin is performed. To this aim, the influence of plasma treatment on the functional groups and on the
thermal behaviour of fibre were investigated using Fourier transform infrared spectroscopy and ther-
mogravimetric analysis. Moreover, the mechanical characterization of fibres was performed through
fibre tensile tests. Short randomly oriented fibres/bio-based epoxy composites were manufactured by
hand lay-up method followed by compression moulding, varying both fibres weight content and length.
The influence of plasma treatment was evaluated by performing quasi-static and dynamic mechanical
tests on the composites. Changes in the surface functional groups are obtained whereas neither the
thermal stability nor the tensile properties of fibres are influenced by plasma treatment. Characteriza-
tions of the composites showed remarkable enhancements of mechanical properties, indicating that
plasma treatment improves fibre/matrix adhesion. SEM micrographs showed that the resin better ad-
heres around treated fibres compared to untreated ones.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Natural fibre-reinforced composites have been deeply studied in
the last decade due to their specific properties and their clearly
positive environmental impact. The use of vegetable fibres instead
synthetic ones (i.e. glass, carbon or kevlar fibres) presents many
advantages such us low-cost production and processing, safe
handling, reduced energy consumption and large availability. For
these reasons, lignocellulosic fibres constitute an interesting
alternative to traditional synthetic fibres in composite materials
[1e6].

During last years, some authors proposed to use less common
natural fibres (if compared to flax, hemp, jute, kenaf and sisal, for
instance) such as okra [7], isora [8], ferula [9], althaea [10], piassava
[11], sansevieria [12], buriti [13], artichoke [14] and culms of giant
reed [15] as reinforcement for composite materials.

In this work, a new kind of fibres, extracted from the leaf of the
giant reed Arundo Donax L., is investigated as a potential rein-
forcement in polymer composites.
x: þ39 091 23860841.
The giant reed Arundo Donax L. is a perennial rhizomatous
grass, widely diffused all around the world, from the temperate
areas of the Europe (mainly in the countries of the Mediterranean
area as Sicily) to the eastern countries as China and Japan, since it
can be easily adapted to different climatic conditions (Fig. 1).

Moreover, it is a potentially high-yielding non-food crop, which
is actually used for the production of energy and paper pulp [16]. In
addition, the giant reed Arundo Donax L. grows plenty and natu-
rally and, thanks to its high growth rate, represents an invasive
species which disposal could result to be difficult. It was recently
considered for the manufacturing of chipboard panels alternative
to the wood-based ones [17] and to be applied as reinforcement of
thermoset [18] and thermoplastic [19] matrix polymer composites
as well as to partially replace sand in concrete mixes [20].

As well known, the use of natural fibres, as an alternative to the
synthetic ones, as reinforcement of composite materials, has
received growing attention, owing to their specific properties,
price, advantages for health, and recyclability. Due to the above
reasons, natural fibres begin to be used as reinforcement of com-
posite materials for engineering applications. In particular, Alo-
mayri et al. [21] produced via layup technique geopolymer
composites reinforced with different layers of woven cotton fabric,
showing that the mechanical properties (i.e. flexural strength,
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Fig. 1. Arundo Donax plant.
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flexural modulus, impact strength and fracture toughness) of cot-
ton fabric reinforced geopolymer are superior to the neat geo-
polymer matrix. Moreover, they showed that all the mechanical
properties are improved by increasing the cotton fibre contents,
due to the unique properties of cotton fibres in withstanding
greater bending and fracture forces than the more brittle geo-
polymer. Yan et al. [22] analysed the flexural behaviour (i.e. three
and four point bending) of plain concrete and coir fibre reinforced
concrete beams externally strengthened by flax fabric reinforced
polymers. The experimental results showed that the peak load,
flexural strength, deflection and fracture energy of both plain
concrete and coir reinforced concrete enhance with increasing of
confinement flax layers. Yan and Chouw [23] compared the
compression behaviour of coir fibre reinforced concretes confined
with glass/carbon and flax fibre reinforced polymers. They showed
that the confinement effectiveness of flax FRP confined normal
strength concrete is comparable to those of glass/carbon confined
normal strength concrete, although the tensile strength of flax FRP
samples is significantly lower than that of glass/carbon ones. The
same authors studied the lateral crushing behaviour of empty and
polyurethane-foam filled flax fabric reinforced epoxy composite
tubes as function of tube thickness, tube inner diameter and foam
filler [24]. The comparison with existing tubes shows that natural
flax/epoxy tube can be considered as good alternative to
aluminium tube and to glass/carbon composite tube as energy
absorbers. Hakamy et al. [25] studied the influence of calcined
nanoclay and chemical treatment on the microstructure and me-
chanical properties of treated hemp fabric-reinforced cement
nanocomposites. The experimental results showed that alkali-
treated hemp fabric reinforced cement composites exhibit higher
flexural strength when compared to their non-treated counterparts
and the mechanical properties are improved due to calcined
nanoclay addition. Moreover, it was found that calcined nanoclay
behaves not only as a filler to improve the microstructure, but also
as the activator to facilitate the pozzolanic reaction and thus
improved the adhesion between the treated hemp fabric and the
matrix.
In addition to their encouraging features, natural fibres present
also some drawbacks like low mechanical properties, poor
compatibility with polymeric matrix and high moisture absorption
of fibres. These features result in a low ability to transfer stress from
matrix to fibre in addition to dimensional changes of fibres that
may lead to microcracking of composites, thus reducing their me-
chanical properties.

In order to improve the performances of natural fibre reinforced
composites by improving fibre-matrix compatibility, the surface
properties of natural fibres can be modified by means of adequate
treatments (i.e. chemical or physical ones). In particular, physical
modifications induced by plasma treatment of the reinforcement
surface can improve the compatibility with the polymer matrices.
Atmospheric plasma is interesting due to it is cost effective,
continuous in operation and provides a relatively uniform and
stable treatment throughout the surface [26]. Depending on the
material to be treated, plasma flowcan cause ablation, cross-linking
or surface activation. Ablation consists of the removal of organic
residues as well as surface layers at a molecular level. Cross-linking
occurs as a result of the interaction between two or more radicals
leading to the formation of covalent links whilst surface activation
increases the surface energy as a result of generation of polar
groups on the reinforcement surface [27]. This kind of treatment is
widely used for common natural fibres [28e30] because, differently
from chemical treatments, it is a simple process without any
pollution which can be considered as dry and clean. Moreover,
plasma treatment is also used to improve the surface characteristics
of synthetic fibres like carbon [31,32] glass [33] and Kevlar [34,35]
or inorganic fillers as marble powder [36].

The goal of the present paper is the evaluation of the feasibility
of bio-based, low environmental impact composites reinforced
with fibres extracted from the leaf of the giant reed Arundo Donax
L.

The surface functional groups and the thermal stability of un-
treated and plasma treated arundo fibres were determined by
Fourier transform infrared spectroscopy (ATR-FTIR) and thermog-
ravimetric (TGA) analyses, respectively. Moreover, the effect of
plasma treatment on fibre tensile properties was determined by
through single fibre tensile tests.

As a preliminary study, short randomly oriented fibres/bio-
based epoxy composites were manufactured by hand lay-up
method followed by compression moulding, varying fibre weight
fraction (i.e. 2.5% and 5%) and length (i.e. 1 cm and 3 cm). The in-
fluence of plasma treatment was evaluated by performing quasi-
static and dynamic mechanical tests. Furthermore, scanning elec-
tron microscopy (SEM) was used to investigate the fracture surface
morphologies of the plasma treated and untreated composites.
2. Experimental details

2.1. Materials

The giant reed Arundo Donax L. consists of culms, which grow
up to 6 m. Since the leaves are placed in correspondence of each
internode, spaced 10e30 cm [37], each culm carries up to 30 leaves.
Furthermore, each leaf can reach a length up to 80 cm and a width
up to 7.0 cm [38].

In this work, leaves ranging from 20 cm to 25 cmwere separated
from the culms immediately after collecting the fresh plant from a
plantation in the area of Palermo (Sicily). Then, fibres with a length
between 15 cm and 20 cm were extracted from the leaf by me-
chanical separation by traditional combing process with a metal
teeth brush. The obtained fibres were then dried at 103 �C for 24 h
in an oven to remove the moisture content (Fig. 2).



Fig. 2. Arundo leaf fibres after drying.
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It is well known that lignocellulosic fibres show a non-uniform
cross section and irregular shape. For this reason, the diameter of fi-
bres extracted from the leaf of ArundoDonax L.wasmeasured through
optical observations by using an optical microscope model MS5 by
Leica (Wetzlar, Germany) at three different locations along the single
fibre: bottom, middle and top. The apparent cross-sectional area of
each fibre was then calculated assuming a circular cross-section and,
as suggested by the literature [7,39] by averaging fibre diameter.

A bio-based epoxy Super Sap™ 100 resin by Entropy Bio-Resins
Co (San Francisco, CA, USA) mixed with its Super Sap™ 1000
Hardener (2:1 mix ratio by volume) was used as matrix of the bio-
epoxy composites. Table 1 shows the main properties of the bio-
based epoxy matrix, as reported in the supplier datasheet. The
bio-based epoxy is a resin made from up of 37% bio-content ob-
tained as co-products of other green industries including wood
pulp and bio-fuels production. It is classified as a USDA (United
States Department of Agriculture) BioPreferredSM Product using
ASTM D 6866 standard [40] and has a total calculated biomass of
50% [41]. Four bio-epoxy composites were manufactured by vary-
ing both the fibreweight fraction (i.e. 2.5% and 5%) and the length of
randomly oriented fibres (i.e. 1 cm and 3 cm). For each condition,
bio-epoxy resin was reinforced with untreated and plasma treated
fibres in order to evaluate the effect of plasma treatment on the
mechanical performances of composites.

Composite panels were manufactured by hand lay-up method
followed by compressionmoulding: i.e., chopped fibreswere prepared
and were impregnated with the bio-based epoxy matrix in a mould
having dimension 200 mm � 100 mm� 3 mm. Curing was done at
25 �C for 7 days as suggested in the supplier's datasheet, under a
constant pressure of 1 kPa. Afterwards, specimens for quasi-static and
dynamic characterizations were cut by using a diamond saw.
2.2. Plasma treatment

Plasma treatment was performed using a plasma reactor model
Tucano by Gambetti (Binasco, Italy), with a chamberwith volume of
Table 1
Main properties of the bio-based epoxy resin Super Sap™ 100/1000.

Performance data Processing data

Tensile modulus [GPa] 2.62 Mix ratio by volume 2:1
Tensile strength [MPa] 56.5 Mix ratio by weight 100:48
Elongation at break [%] 7.0 Density at 25 �C [g/cm3] 1.09
Flexural modulus [GPa] 2.28 Viscosity at 25 �C [cPs] 600
Flexural strength [MPa] 77.0 Pot life at 25 �C [min] 25
Compression strength [MPa] 72.1 Tack free time at 25 �C [h] 4
Hardness (Shore D) 70e80 Full Cure time at 25 �C [days] 7
about 5.5 L. The process was carried out in four steps: i) reaction
chamber from ambient pressure to 0.2 mbar; ii) stabilization of the
inner pressure (5 s); iii) air inlet and plasma reaction (during
plasma treatment the total pressure was 0.5 mbar); iv) venting to
ambient pressure (about 150 s). In particular, arundo fibres were
exposed to a plasma power of 150 W for 120 s.

2.3. Characterization methods

2.3.1. Thermal analysis
Thermogravimetric analysis (TGA) was carried out to define the

thermal stability of untreated and plasma treated arundo fibres by
using a thermobalance TG/DTA NETZSCH (Selb, Germany), model
TG 449 F1 Jupiter. Particularly, powdered samples were placed in a
alumina pan and heated from 30 to 1000 �C at a heating rate of
10 �C/min in nitrogen atmosphere.

2.3.2. Fourier transform infrared spectroscopy
The effect of plasma treatment on functional groups of arundo

fibres was investigated by attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR) analysis. IR spectra
were recorded with a resolution of 2 cm�1 in the range of
4000e500 cm�1, by using a spectrometer model spectrum Two by
Perkin Elmer (Waltham, MA, USA), operating in attenuated total
reflectance (ATR) mode.

2.3.3. Single fibre tensile tests
A population of 50 fibres for each condition (i.e. untreated and

plasma treated fibres) were mechanically tested in tension, ac-
cording to ASTM standard method D 3379 standard [42], using an
U.T.M. model Z005 by Zwick-Roell (Ulm, Germany) equipped with a
load cell of 200 N. The displacement rate was set equal to 1 mm/
min and gauge length to 30 mm.

Since the mechanical properties of natural fibres present high
scatter due to their intrinsic characteristic (e.g. irregular shape, age
of the plant, fibre extraction processes and natural defect), the re-
sults were statistically analysed using an ad-hoc code developed in
Matlab® environment [43]. In particular, a statistical approach is
required to evaluate the mechanical properties: i.e. the experi-
mental data were statistically analysed using a two-parameter
Weibull distribution [44,45].

2.3.4. Quasi-static flexural tests on composites
Quasi-static flexural tests were performed on composites ac-

cording to ASTM D 790 standard [46]. To this aim, an U.T.M. model
Z005 by Zwick-Roell (Ulm, Germany), equipped with a 5 kN load
cell, was used. Five prismatic samples (3 mm � 10 mm � 96 mm)
for each condition were tested in three point bending configura-
tion. The span and the crosshead speed were set equal to 80 mm
and 1.5 mm/min, respectively.

2.3.5. Dynamic mechanical tests on composites
Dynamic mechanical analysis was carried out on composites

using a dynamic mechanical analysers model DMAþ 150 by
Metravib (Acoem Group, Limonest, France), equipped with a load
cell of 150 N.

The experiments were performed under tensile mode at a fre-
quency of 1 Hz. Prismatic samples of size 3 mm � 3 mm � 45 mm
were used. The tests were conducted at temperatures from room to
160 �C with heating rate of 2 �C/min, under nitrogen atmosphere.

2.3.6. Morphological analysis
Scanning electron microscopy (S.E.M.) analysis was performed

on the flexural fractured surfaces of composites by using a Phenom
World (Eindhoven, Netherlands) scanning electron microscopy,
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model Phenom Pro X. Before analysis, each sample was sputter-
coated with a thin layer of gold to avoid electrostatic charging
under the electron beam.
Fig. 4. TG curves of untreated and plasma treated fibres.
3. Results and discussion

3.1. Fibres

3.1.1. Thermal analysis
The thermal stability of natural fibres is known to be one of the

limiting factors in their use as reinforcement in composite struc-
tures [7e14,47]. The results of the thermal analysis of untreated
Arundo leaf fibre are shown in Fig. 3.

The DTG curve of the arundo fibre shows an initial peak between
30 �C and 130 �C (loss in weight about 6%), which corresponds to
the vaporization of absorbed water. After this peak, the curve ex-
hibits two degradation steps. In particular, thermal degradation of
the fibre starts at 210 �C (i.e. onset degradation temperature) and
the first degradation shoulder peak occurs at about 285 �C [7,14,15].
This is attributed to the thermal depolymerisation of hemi-
celluloses and pectin and the glycosidic linkages of cellulose (19%
weight loss). The major second peak, at about 340 �C, is due the
degradation of a-cellulose (30% weight loss) [48]. Similar peaks
were observed at 321 �C, 308.2 �C, 298.2 �C, 309.2 �C, 352 �C and
320 �C for bamboo, hemp, jute, kenaf fibres [49], artichoke [14] and
arundo fibres extracted from the culm [15], respectively. The
degradation of lignin, whose structure is a complex composition of
aromatic rings with various branches, happens at a very lowweight
loss rate within the whole temperature range from ambient to
temperatures higher than 700 �C [7,14,50].

Furthermore, thermal analysis shows that the arundo leaf fibre is
stable until around 210 �C, value similar to those of other natural fi-
bres like okra (220 �C), hemp (250 �C), curaua (230 �C), kenaf (219 �C),
Jute (205 �C) [7], sisal (230 �C) [48], bagasse (222 �C) and bamboo
(214 �C) [49], artichoke (230 �C) [14] and arundo fibres extracted from
the culm (275 �C) [15], respectively. This temperature is higher than
the polymerization process temperature so that the arundo leaf fibre
is not subjected to thermal degradation during the curing process.

By observing Fig. 4, it is possible to notice that plasma treated
fibre show similar behaviour to untreated one, thus indicating that
plasma treatment does not influence its thermal stability.
3.1.2. Fourier transforms infrared spectroscopy
ATR-FTIR assignment of functional groups of untreated and

plasma treated arundo leaf fibres can be seen in Fig. 5. The peak at
Fig. 3. TG and DTG curves of untreated arundo leaf fibres.
3340 cm�1 can be caused by the OeH stretching vibration and
hydrogen bond of the hydroxyl groups ([9,50]). The peaks at
2929 cm�1 and 2859 cm�1 are the characteristic band for the CeH
stretching vibration from CH and CH2 in cellulose and hemicellu-
lose components [51] while the absorption band centred at
1737 cm�1 can be attributed to the C]O stretching vibration of the
acetyl groups in hemicellulose [52].

The peak centred at 1652 cm�1 may be explained by the pres-
ence of water in the fibres [52] while the little peak at 1521 cm�1 is
attributed to C]C stretching of benzene ring of the lignin [7]. The
absorbance at 1430 cm�1 is associated to the CH2 symmetric
bending [53]. The peaks observed at 1379 cm�1 and 1344 cm�1 are
attributed to the bending vibration of CeH and CeO groups of the
aromatic ring in polysaccharides [54] while the absorbance peak
centred at 1251 cm�1 is due to the CeO stretching vibration of the
acetyl group in lignin [55]. The peak at 1165 cm�1 is associated to
CeOeC stretching vibration of the pyranose ring in polysaccharides
[50].

The changes due to the plasma treatment is notable just in the
range of 800e1100 cm�1, where new small peaks are evident. In
particular, a change from shoulder to peak is observed at 1106 cm�1

and a new peak at 1060 cm�1 appears after plasma treatment. This
means that plasma treatment modifies the structure of the fibre
surface: the CeOeC symmetric glycosidic stretching or ring
stretching mode at ~1100 cm�1 and the CeOH stretching vibration
of the cellulose backbone at 1060e1050 cm�1 (CeO secondary
Fig. 5. FTIR spectra of untreated and plasma treated arundo leaf fibres.



Fig. 6. Typical stress-strain curves of untreated and plasma treated fibres.

T. Scalici et al. / Composites Part B 94 (2016) 167e175 171
alcohol) arise from the polysaccharide components (mainly cellu-
lose) [28,56].

The intense band, centred at 1036 cm�1, can be associated to the
CeO stretching modes of hydroxyl and ether groups in cellulose
[51] whereas the little peak at 896 cm�1 can be attributed to the
presence of b-glycosidic linkages between the monosaccharides
[7]. By observing the spectrum of plasma treated fibre, an appre-
ciable change in the intensity of this peak is evident, as already
found by other authors [28,57]: this may be due to cleaning effect of
plasma treatment on the fibre surface.
Fig. 7. Weibull distribution for (a) tensile stress, (b) deformation and (c) Young's
modulus of arundo leaf fibres.
3.1.3. Single fibre tensile tests
Similarly to other lignocellulosic fibres [7,14,15,58], arundo leaf

fibres show a brittle behaviour under tensile conditions with a drop
of load corresponding to the fibre failure. No noticeable change in
the stress-strain tensile curve of the plasma treated fibres was
found: this means that plasma treatment does not influence the
tensile behaviour of arundo leaf fibres (Fig. 6).

As well known, results of tensile tests on natural fibres are
difficult to analyse because of the observed high scatter. This is
related to three main factors, mainly consisting in parameters and
conditions of the test, area measurements and natural plant char-
acteristics. In particular, this latter factor is influenced by source
and age of the plant, the presence of defects and the fibre extraction
procedure [43].

For all of these reasons, a statistical approach is required in order
to evaluate the tensile properties of natural fibres. The experi-
mental data were statistically analysed using a two-parameter
Weibull distribution [7,14,43,44].

Fig. 7 shows theWeibull distributions for (a) tensile strength, (b)
Young's modulus and (c) strain at failure of untreated arundo leaf
fibres. It can be seen that this model provides a good fitting of the
data for both mechanical properties. Similarly, Weibull's statistical
analysis was applied on the experimental tensile results of plasma
treated fibres. For sake of conciseness, theWeibull distributions are
not shown while the statistical parameters of both fibres (i.e. un-
treated and plasma treated) are reported in Table 2. The Weibull
fitting parameter allows to statistically describe and evaluate the
mechanical properties of natural fibres. In particular, a shape factor
is related to the reliability of the experimental data. As higher is the
shape factor as more reliable is the result of the analysis. Moreover,
higher shape parameter is equivalent to lower coefficient of vari-
ation in a normal distribution. The scale parameter defines the
position of the Weibull curve. As shown in Table 2, the tensile
properties are just slightly influenced by plasma treatment [28].
Table 3 shows that mechanical properties of untreated arundo
leaf fibre are comparable to those of other less common natural
fibres investigated as potential reinforcement in polymer matrix
composites.
3.2. Composites

3.2.1. Quasi-static flexural tests
Fig. 8 shows the results of quasi-static flexural tests for un-

treated and plasma treated bio-epoxy composites, at varying both
fibre weight content and length. In particular, both composites
show increments in modulus if compared to the neat resin (i.e.



Table 2
Characteristic statistical parameters for tensile properties of arundo leaf fibres.

Scale Shapea Mean value Stand dev. Median Correlationa

Untreated Strength[MPa] 193.47 1.42 173.90 146.09 152.81 0.98
Modulus [GPa] 18.04 1.64 15.96 11.17 12.17 0.97
Strain at failure [mm/mm] 0.0153 2.74 0.0136 0.00515 0.0127 0.98

Plasma Treated Strength [MPa] 192.32 1.67 170.45 97.25 132.60 0.99
Modulus [GPa] 17.98 1.75 14.90 3.28 11.35 0.99
Strain at failure [mm/mm] 0.0155 2.86 0.0138 0.00213 0.0128 0.99

a Dimensionless.

Table 3
Mechanical properties of untreated arundo leaf fibres and some less common natural fibres from literature.

Fibre Tensile strength [MPa] Young's modulus [GPa] Strain at failure [%] References

artichoke 201 11.6 e [10]
okra 281 16.5 e [3]
ferula 475 52.7 4.2 [5]
althaea 415 65.4 3.9 [6]
piassava 77 2.93 10.45 [7]
alfa 250 20 e [36]
sansevieria 50e585 2.5e7.8 2.8e21.7 [8]
arundo culm 248 9.4 3.24 [11]
arundo leaf 193.5 18 1.53 //

Fig. 8. Quasi-static flexural properties of bio-epoxy composites.
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Fig. 9. SEM micrographs of the fractured surfaces of (a) untreated and (b) plasma treated arundo fibre/bio-epoxy composites.

Fig. 10. Evidence of fibres pull-out mechanism on the fractured surfaces of untreated
arundo fibre/bio-epoxy composites.

Fig. 11. Variation of Tand with temperature for (a) untreated and (b) plasma treated
arundo fibre/bio-epoxy composites.
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1.66 GPa, indicated by the black dashed in Fig. 8a), regardless of
fibre weight content and length. As concerns untreated composites,
flexural modulus does not depend from the fibre weight content
and length. This can be explained taking into account two
competitive contributions to the material stiffness: (i) greater
amount of reinforcement increases the composite stiffness and
longer fibres guarantee larger interface area, leading to better
matrix-fibre shear stresses transmission; (ii) the number of in-
terfaces increases by increasing both fibre weight content and
length leading thus, in turn, to a worsening of the composites
properties, due to the weak fibre-matrix adhesion. For plasma
treated composites, the beneficial effect of the treatment on the
fibre-matrix compatibility leads to the above increment of the
flexural modulus.

Fig. 8b shows the results concerning the flexural strength. As
highlighted above, an increment in interface area between low



Table 4
Dynamic mechanical analysis results.

Tg [�C] Tand max Eroom [GPa]

Neat Resin 82.2 ± 0.85 0.53 ± 0.02 1.63 ± 0.01

Untreated 1cm-2.5% 82.7 ± 0.10 0.60 ± 0.02 2.13 ± 0.03
1cm-5% 80.3 ± 0.43 0.58 ± 0.02 2.01 ± 0.18
3cm-2.5% 81.8 ± 1.16 0.56 ± 0.02 1.88 ± 0.07
3cm-5% 82.7 ± 0.87 0.57 ± 0.02 2.02 ± 0.02

Plasma Treated 1cm-2.5% 89.1 ± 0.7 0.40 ± 0.07 2.53 ± 0.02
1cm-5% 90.4 ± 1.35 0.30 ± 0.03 2.84 ± 0.05
3cm-2.5% 90.5 ± 1.21 0.30 ± 0.03 2.54 ± 0.01
3cm-5% 89.8 ± 0.53 0.27 ± 0.03 3.03 ± 0.01
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compatible materials (i.e. untreated arundo fibre and bio-epoxy
matrix) leads to the statistical increment of voids and defects,
which promote premature failures of the composites. In particular,
the flexural strength of untreated composites is lower than that of
neat resin (i.e. 53.4 MPa) and an high scatter was registered,
regardless of fibre weight content and length. Improving the inter-
face quality by plasma treating the fibres, an increase in flexural
strength is observed up to reach 73.5 MPa for the 3cm-5%
composites.

By observing the SEM micrographs on the fractured surfaces
shown in Fig. 9, it is possible to confirm that the bio-epoxy resin
better adheres around plasma treated fibres, in comparison to un-
treated fibres. In particular, Fig. 9a shows the presence of large
debonded area in correspondence of the untreated fibre-matrix
interface (indicated by the arrows) that acts as crack nucleation
zones, thus decreasing both tensile modulus and strength of the
composites. This is mainly due to the low compatibility between the
hydrophilic natural fibre and the hydrophobic polymer used as ma-
trix. On the other hand, Fig. 9b highlights the beneficial effect of
plasma treatment on the fibre-matrix compatibility: i.e. the com-
posites are characterized by continuous and regular interfaces.
Moreover, there is no evidence of fibre pull-out mechanisms. This
means that, if arundo leaf fibres are plasma treated, a very high degree
ofmatrix adhesion is achieved, thus confirming the validity of this dry
and clean method in the enhancement of the mechanical properties
of polymer based composites reinforced with natural fibres.

Furthermore, by observing in Fig.10 the SEMmicrograph at high
magnification of the fractured surface of an untreated arundo fibre/
bio-epoxy specimen, it is possible to note an area affected by fibre
pull-out phenomena, confirming the need to improve the fibre-
matrix interaction.

3.2.2. Dynamic mechanical tests
Fig. 11 shows tan delta (also named damping factor) variation

with the temperature for neat resin (continuous black line), un-
treated and plasma treated composites. Incorporation of fibres in a
polymeric matrix affects the damping behaviour of the composites,
which is due both to shear stress concentrations at the fibre-matrix
interfaces and to the viscoelastic energy dissipation in the matrix
[59,60]. Hence, it depends on the fibre-matrix adhesion: i.e. a weak
fibre-matrix adhesion leads to higher values of tan delta [59,61]
while a good fibre-matrix adhesion limits the mobility of the
polymer chains, thus reducing the damping and shifting the glass
transition (Tg) to higher temperatures [18].

In particular, from Fig. 11a and Table 4, it is possible to observe
slight increases in the tan delta peak values of untreated com-
posites in comparison to that of the neat resin. This is due to the
weak fibre-matrix compatibility, thus resulting in a bad interface
quality. Consequently, there is no noticeable change in the glass
transition temperature between composites and neat resin, thus
indicating no restriction to the macromolecules chain motion due
to presence of the untreated fibres within the bio-epoxy matrix.
Vice versa, plasma treated composites experience different
behaviour, as shown in Fig. 11b and Table 4. In particular,
regardless fibre weight content and length, the tan delta peak
values of the composites are lower than that of the neat resin,
confirming the enhancement of the fibre-matrix interface prop-
erties due to the plasma treatment. Due to this beneficial effect,
the treated fibres hinder the polymeric chain mobility, thus
resulting in an increase of the glass transition temperature (i.e. up
to 89.8 �C for 3cm-5% composites) in comparison to the neat resin
(i.e. 82.2 �C).

Table 4 also reports the Young moduli measured at room tem-
perature for all the investigated composites. These last results confirm
the trends of the quasi-static moduli, discussed in the Section 3.2.1.
4. Conclusions

The goal of the present paper is to evaluate the feasibility of bio-
based, low environmental impact epoxy composites reinforced
with fibres extracted from the leaf of the giant reed Arundo Donax
L. As a preliminary study, bio-based epoxy composites reinforced
with low content of short randomly oriented fibres were manu-
factured and tested in order to evaluate the effect of plasma
treatment on the fibre-matrix compatibility.

The surface functional groups and the thermal stability of
Arundo leaf fibres were determined by Fourier transform
infrared spectroscopy (ATR-FTIR) and thermogravimetric (TGA)
analyses, respectively. The effect of plasma treatment on fibre
tensile properties were determined by through single fibre ten-
sile tests.

Short randomly oriented fibres/bio-based epoxy composites
were manufactured by hand lay-up method followed by
compression moulding, varying fibre weight fraction (i.e. 2.5% and
5%) and length (i.e. 1 cm and 3 cm). The influence of plasma
treatment was evaluated by performing quasi-static and dynamic
mechanical tests. Furthermore, scanning electron microscopy
(SEM) was used to investigate the fracture surface morphologies of
the plasma treated and untreated composites.

From the experimental results, it was possible to state that:

� Plasma treated fibres show similar thermal behaviour to un-
treated ones, thus indicating that plasma treatment does not
influence their thermal stability;

� The tensile properties (i.e. Young modulus, tensile strength and
strain at failure) of arundo leaf fibres are just slightly influenced
by plasma treatment;

� FTIR analysis shows that plasma treatment modifies some
functional groups of arundo leaf fibre evidencing the cleaning
effect of plasma treatment on the fibre surface;

� The morphological analysis evidences the beneficial effect of
plasma treatment on fibre-matrix adhesion;

� Plasma treatment leads to significant improvements of quasi-
static flexural properties (i.e. both modulus and strength) of the
bio-epoxy composites, regardless of fibre content and length;

� DMA results confirm the weak compatibility between untreated
fibres and bio-epoxy matrix and the enhancement of the fibre-
matrix interface properties due to the plasma treatment.
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