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Aim of this work is to investigate the feasibility of using a natural and inexpensive filler obtained by
grinding the culms of Arundo Donax as reinforcement of epoxy resins. The effect of the content and size
of Arundo Donax fillers on static and dynamic mechanical properties was evaluated showing that the
composites exhibit higher tensile moduli, comparable flexural moduli and lower strength properties in
comparison to the neat resin. Moreover, changes in the storage and the loss moduli only above the glass
transition temperature (i.e. in the rubbery region) were found while neither significant shifts of tand
peaks to higher temperatures nor reductions in the peak height of the composites were also observed.
To better understand the influence of Arundo Donax filler on the morphology of the composites, the anal-
ysis of the fractured surfaces using a scanning electron microscope and the assessment of void content
were carried out. The results of this study shown that a new natural filler may be considered as possible
reinforcement of epoxy composites useful in semi-structural applications.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The manufacturing of composite materials involve also the pro-
cessing of raw material to obtain the basic constituents. Tradition-
ally, the production of synthetic particles or fibres (e.g. glass,
carbon or boron fibres) as reinforcement of thermosetting or ther-
moplastic polymers is strictly connected to expensive industrial
processes, needed to get the required characteristics.

Moreover, the sustainability of a material is becoming an
important feature in material technology regarding both the pro-
duction phase (because of the immediate impact on man’s health)
and the end of the life cycle of a product (because of the environ-
mental impact). For these reasons, over the last decade, polymers
reinforced with natural fibres or particles have received ever
increasing attention, both from the academic world and from sev-
eral industries.

There is a wide range of different natural fibres which can be
applied as reinforcements or fillers of polymer matrix: i.e. flax,
hemp, jute, kenaf, coir, ramie and sisal, thanks to their properties
and availability. Furthermore in these last year, some scientific
works analyse the feasibility to use less common natural fibres
[1], such like okra [2], betelnut [3], isora [4], artichoke [5], ferula
[6] and buriti [7].
Although several studies on thermoplastic polymer filled with
vegetable particles have been published [8–13], few research work
regarding thermosetting resins can be found in the literature.

Raju and Kumarappa [14] studied the mechanical behavior of a
novel bio-based composite materials prepared using groundnut
shell particles as reinforcement of an epoxy resin, by varying the
volume content and size of fillers. The authors showed that the
highest tensile strength, tensile modulus, flexural strength and im-
pact strength were observed for samples having 40% in volume and
0.5 mm size of groundnut shell particles. The highest flexural mod-
ulus was observed for samples reinforcement by 60% in volume of
natural particles with size of 1 mm. Moreover they showed that
water absorption decreases with increase in epoxy content.

Kumar [15] investigated the influence of the filler content on
mechanical properties of epoxy resins reinforced by waste orange
particles. It showed that maximum values of hardness, tensile,
flexural and inter-laminar shear strengths are found for the com-
posites prepared with weight content of filler equal to 20%.

Matejka et al. [16] focused on the evaluation of the friction–
wear performances of non-asbestos organic composites containing
jute fibres and powderized hazelnut shell. In this work it is found
that the proper combination of natural materials (i.e. natural plant
fibres and shells) can significantly improve the friction–wear per-
formances of the composites.

The present paper explores the feasibility of using a natural and
inexpensive material as Arundo Donax in order to obtain through
simple processings (i.e. mechanical grinding and sieving) fillers
for epoxy composites.
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Arundo Donax is chosen since it is a non-wood plant that grows
plenty and naturally in Sicily. Thanks to its high growth rate, it
represents an invasive and aggressive species so its disposal is
difficult.

To demonstrate the potential of this new natural filler, the static
and dynamic mechanical behavior of Arundo Donax Fillers (ADFs)-
epoxy composites were evaluated. Three compositions (5%, 10%
and 15% in weight of ADFs) and four different ADFs sizes
(<150 lm, 150–300 lm, 300–500 lm and 500 lm–2 mm) were
investigated.

Static mechanical properties were obtained by carrying out ten-
sile and three point bending tests. Dynamic characterization was
carried out in tensile mode at 1 Hz frequency by heating the com-
posites from room temperature to 160 �C.

To evaluate the void content of the manufactured composites,
their real and theoretical densities were compared.

A scanning electron microscope (SEM) analysis was carried out
to relate the macroscopic mechanical properties with the micro-
structural behavior of filler–matrix interface.

2. Material and methods

Arundo Donax culms were collected in a plantation in the area of
Palermo (Sicily). After drying the fresh plant in open air, the reeds
were cut into several pieces and then ground through a grinding
machine. After that, Arundo Donax fillers (in the next ADFs) were
sieved to obtain four fractions with different size (i.e. lower than
150 lm, from 150 lm to 300 lm, from 300 lm to 500 lm and
from 500 lm to 2 mm). Finally, the ADFs were air-dried at 105 �C
for 4 h and kept under dry atmosphere by using a desiccator just
before the composites were manufactured. To reduce the cost
and the technical issues associated with chemical treatments, the
ADFs were not treated to improve filler–matrix interaction.

For each filler fraction investigated, composites with ADFs con-
tent equal to 5%, 10% and 15% in weight were manufactured.

An epoxy resin system obtained mixing a diglycil ether of
bisphenol-A (DGEBA) epoxy monomer (SP 106, supplied by Gurit)
with its own amine based curing agent (5:1 mix ratio by volume)
Table 1
Main properties of the components of the epoxy resin system.

Resin Hardener

Viscosity at 25 �C (cP) 815 74
Density (g/cm3) 1.164 0.968
Boiling temperature (�C) 180 207
Ignition temperature (�C) 390 240
Vapour pressure at 20 �C (mbar) 0.5 0.5

Table 2
Composites prepared in this study and their designations.

Designations Filler size Filler content (%) Sample codes

Neat resin N.A. 0 Neat EP
A <150 lm 5 A-5

10 A-10
15 A-15

B 150–300 lm 5 B-5
10 B-10
15 B-15

C 300–500 lm 5 C-5
10 C-10
15 C-15

D 500 lm–2 mm 5 D-5
10 D-10
15 D-15
was used as matrix. As reported in the supplier datasheet, Table
1 shows the main properties of the components of the epoxy resin
system. Control of neat epoxy resin was used as reference.

The ADFs were initially mixed with the resin into a flask and the
mixture was placed under magnetic stirrer at 50 �C for one hour
until a homogeneous blend was obtained. Then, the hardener
was added to the mixture which was poured onto the cavities of
silicon rubber mould so as to get samples for static and dynamic
characterizations. The curing process was carried out at room tem-
perature for 6 days. All the composites prepared in this study are
presented in Table 2.

It is worth to note that it was not possible to manufacture
composites with both high content (i.e. higher than 10%) and high
filler size (i.e. higher than 300 lm), due to the high viscosity of the
filler–resin blend. This limits its workability thus making not
possible to pour the mix into the cavities of the mould. For the
same reason, also the manufacturing of the composites with ADFs
content higher than 10% and size higher than 300 lm) involves
several difficulties. This probably influences both the morphologi-
cal structure and consequently the mechanical behavior of these
composites.
2.1. Assessment of void content

The real densities of the manufactured composites were mea-
sured using a helium pycnometer. For each composites, ten mea-
sures were carried out and average values of density were
recorded. All deviation standards measured were lower to 0.01 g/
cm3.

On the other hand, the theoretical densities of the composites
were calculated [17].

The densities of natural fillers, measured using a helium
pycnometer, were found to be 1.6532 ± 0.0018 g/cm3 for size range
0–150 lm, 1.5480 ± 0.0019 g/cm3 for size range 150–300 lm,
1.4655 ± 0.0020 g/cm3 for size range 300–500 lm, 1.2296 ±
0.0025 g/cm3 for size range 500 lm–2 mm.

The real density qm of the reference samples (i.e. the neat resin),
was equal to 1.1872 ± 0.00005 g/cm3.

The volume void content (tv) of the manufactured composites
was calculated by comparing their theoretical and real densities
[17].

Voids are among the most common manufacturing-induced de-
fects in composites. They are due mainly to the air entrapment
during the composite manufacturing and to the moisture absorbed
when the material is stored and processed. Higher void content
usually means high susceptibility to water penetration in addition
to both increased variation and poor strength properties of com-
posites [18,19]. In particular, a good composite should have less
Real density (g/cm3) Theoretical density (g/cm3) Voids content (%)

1.1872 N.A. N.A.
1.1887 1.2042 1.29
1.1911 1.2217 2.50
1.1889 1.2396 4.09

1.1848 1.2012 1.36
1.1824 1.2156 2.73
1.1905 1.2302 3.23

1.1798 1.1983 1.59
1.1657 1.2097 3.64
– 1.2212 –

1.1601 1.1893 2.46
1.1369 1.1913 4.57
– 1.1934 –
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than 1% voids, whereas a poorly made composite can have up to 5%
void content [17].

2.2. Mechanical characterization

2.2.1. Tensile and flexural tests
Mechanical tests were performed according to ASTM: D638-10

(2010) and ASTM: D790-10 (2010) standards, using a Zwick-Roell
Universal Testing Machine (UTM) equipped with a load cell of
5 kN. Five samples for each composite were tested in both the
loading configurations. In particular, tensile tests were performed
on dog-bone samples setting the crosshead speed equal to
5 mm/min.

Tensile strength and modulus were calculated according the
ASTM: D638-10 (2010) standard.

Three point bending tests were carried out on prismatic
samples (3.5 mm � 14 mm � 70 mm) setting the span length equal
to 56 mm and the crosshead speed to 1.5 mm/min.

Flexural strength and modulus were calculated according the
ASTM: D790-10 (2010) standard.

2.2.2. Dynamic mechanical analysis
Dynamic mechanical analysis was carried out using a Metravib

dynamic mechanical analyzers model DMA+150, equipped with a
load cell of 150 N.

The experiments were performed under the tensile mode at a
frequency of 1 Hz. Prismatic samples of size 16 mm � 4 mm �
1 mm were used. The tests were conducted at temperatures from
room to 200 �C with heating rate of 2 �C/min, under nitrogen
atmosphere.

2.3. Microstructural analysis

Scanning electron microscopy (SEM) analysis was performed by
scanning the fractures surfaces of dog-bone samples (i.e. those
tested under tensile loading) using a SEM FEI Quanta 200 ESEM.

Before analysis, each sample was cut to a height of 10 mm,
sputter-coated with a thin layer of gold and rubbed upon a 25-
mm diameter aluminium disk.
Fig. 1. Typical stress–strain curves obtained from tensile tests.
3. Results and discussion

3.1. Assessment of void content

The theoretical and experimental densities of the composites
with the corresponding void contents are shown in Table 2.

It is worth to note that the theoretical density values are not in
agreement with the experimentally ones due to the presence of
voids in the composites.

It is found that the void content increases with increasing filler
content from 5% to 15%, regardless filler size. This may be due to fact
that, with increasing filler content, the composites entrap more air
during their manufacture by means of hand lay-up technique.

Moreover, for the composites with ADFs contents equal to 5%
and 10%, void content increases with increasing filler size. Vice ver-
sa, the composites with 15% in weight of ADFs show decrements in
void content with increasing filler size (i.e. from 4.9% to 3.23% for
A-15 and B-15 composites, respectively). This weird behavior can
be explained taking into account that the manufacturing of com-
posites with filler content equal to 15%, as specified in Section 2,
involved several difficulties due to the low workability of the
blends.

It is possible to state that the composites with ADFs content
equal to 5% in weight show a better morphology, i.e. void content
lower than 2% (except D-5 composites having void content 2.46%).
On the other hand, the composites with ADFs content higher
than 5% evidenced lower morphology quality than the previous
ones, having void content higher than 2.5%.

3.2. Mechanical characterization

3.2.1. Tensile tests
In Figs. 1–3 the stress–strain curves, moduli and strengths of

the composites and neat resin are respectively reported.
As reference, the neat resin show tensile modulus equal to

2.17 ± 0.11 GPa and tensile strength to 47.7 ± 1.7 MPa, respectively.
From Figs. 1 and 2, it is found that:

– The composites with ADFs size lower than 150 lm (i.e. A
composites) show maximum tensile modulus, about 36% higher
than the neat resin, for 10% in weight of ADFs.

– The tensile modulus increases with increasing filler content, for
the composites reinforced with ADFs size within 150–300 lm
range (B composites). In particular, the maximum value, about
40% higher than the neat resin, is reached for B-15 composites.



Fig. 2. Tensile modulus of the composites as function of ADFs weight content.

Fig. 3. Tensile strength of the composites as function of ADFs weight content.
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– The composites reinforced with filler size higher than 300 lm
show increments of tensile modulus by varying the ADFs con-
tent from 5% to 10%.

– The tensile modulus does not vary with varying the ADFs size
for the composites manufactured with 5% and 10% of filler con-
tent. Only the D-composites show lower tensile modulus.

– Regarding the composites with 15% filler content, the tensile
modulus increases with increasing the ADFs size.

– The tensile modulus is observed to be highest for the B-15 com-
posites, about 40% higher than the neat resin.

As general consideration, all the composites manufactured are
found to show higher tensile moduli than the neat resin, except
the D-5 composites. Consequently, it is possible to state that the
Arundo Donax fillers can be useful as reinforcement to improve
the tensile stiffness of the epoxy composites.

The improvements of the stiffness are due to the addition of a
rigid filler in the epoxy resin.

As reported in literature [20,21], the modulus of composites de-
pends only slightly on interfacial adhesion since it is measured at
very small deformations.

As it will be better discussed in this section, the low compatibil-
ity between the hydrophilic natural filler and the hydrophobic
epoxy resin leads to the reduction of the strength of the compos-
ites. However, small changes in the deformability of the matrix
or that of the interphase do not influence the modulus much while
the filler content dominates [22].

Lower tensile moduli shown by D-composites can be explained
since large particles debond very easily under the effect of very
small loads [23]. Thus, it is possible that debonding leads to the
formation of voids and the resulting material has a smaller
stiffness.

Despite the positive effect on tensile modulus, the addiction of
ADFs involves instead detrimental effects on tensile strength of the
composites (Figs. 1 and 3). All the composites investigated show
lower tensile strengths than that of the neat resin. In particular,
the maximum tensile strength, found for A-10 composites, is found
to be 14.5% lower than that of the neat resin. Moreover, the pres-
ence of ADFs tends to decrease the elongation at break of the com-
posites compared to the neat resin. This is probably due to the
weak adhesion between vegetable fillers and thermosetting resins
since no filler chemical treatments are carried out to improve the
filler–matrix interaction. In fact it is well know [24–26] that the
surface of natural fibres or fillers is hydrophilic (due mainly to
the presence of amorphous cellulose and hemicelluloses) and
therefore poorly suited for the use in hydrophobic polymer matri-
ces like epoxy resins. This low compatibility results in weak inter-
faces that lead to internal strains, porosity, environmental
degradation, moisture absorption and poor mechanical strengths
of the composites [18],[19].

From Figs. 1 and 3, it is possible to evidence that:

– The composites with filler content equal to 5% and 10% in
weight show decrements in tensile strength with increasing
the size of ADFs.

– Minimum values of tensile strength are found for D-5 and D-10
composites, 57% and 53.3% lower than the neat resin,
respectively.

– Vice versa, tensile strength of the composites with 15% of ADFs
increases with increasing filler size.

These trends are related to void content within the manufac-
tured composites. In particular (Table 2), it is worth to note that
both the composites manufactured with ADFs content equal to
5% and 10% show increments of void content with increasing filler
size, thus leading to the reduction of their tensile strength. Vice
versa, tensile strength of the composites with 15% of filler content
decreases with increasing the ADFs size, due to the decrement of
void content.
3.2.2. Flexural tests
In Figs. 4–6 the stress–strain curves, moduli and strengths of

the composites and neat resin are respectively reported. The neat
resin shows flexural modulus equal to 3.00 ± 0.11 GPa and flexural
strength to 87.5 ± 3.7 MPa, respectively.

The effect of content and size of ADFs on flexural modulus of the
composites can be evidenced (Figs. 4 and 5):

– The composites with ADFs size lower than 150 lm (i.e. the A
composites) show maximum value of flexural modulus, 13.3%
higher than the neat resin, for 10% content of ADFs.

– Flexural modulus increases with increasing filler content, for
composites reinforced with ADFs size within 150–300 lm range
(i.e. the B composites).

– The composites with ADFs size higher than 300 lm show incre-
ments of tensile modulus by varying the ADFs content from 5%
to 10%.

– Flexural modulus remain almost constant with varying the
ADFs size for the composites manufactured with 5% and 10%
of filler content.

– Vice versa, the flexural modulus of the composites with 15% of
filler content increases with increasing the ADFs size.

– Flexural modulus is observed to be highest for the C-10 com-
posites, 15.3% higher than the neat resin.

https://www.researchgate.net/publication/257776074_Potential_of_Using_Polyester_Reinforced_Coconut_Fiber_Composites_Derived_from_Recycling_Polyethylene_Terephthalate_PET_Waste?el=1_x_8&enrichId=rgreq-d3fe23600400ff0d2cdd0338a925cf14-XXX&enrichSource=Y292ZXJQYWdlOzI1OTg2ODYzMjtBUzoxNjA1NjYzMjQ3Njg3NjhAMTQxNTI5MzQwMzQxMw==
https://www.researchgate.net/publication/254112253_Oil_palm_bio-fiber-reinforced_polypropylene_composites_Effects_of_alkali_fiber_treatment_and_coupling_agents?el=1_x_8&enrichId=rgreq-d3fe23600400ff0d2cdd0338a925cf14-XXX&enrichSource=Y292ZXJQYWdlOzI1OTg2ODYzMjtBUzoxNjA1NjYzMjQ3Njg3NjhAMTQxNTI5MzQwMzQxMw==
https://www.researchgate.net/publication/259123026_Improving_interfacial_adhesion_in_plawood_biocomposites?el=1_x_8&enrichId=rgreq-d3fe23600400ff0d2cdd0338a925cf14-XXX&enrichSource=Y292ZXJQYWdlOzI1OTg2ODYzMjtBUzoxNjA1NjYzMjQ3Njg3NjhAMTQxNTI5MzQwMzQxMw==
https://www.researchgate.net/publication/236030452_The_potential_of_using_date_palm_fibres_as_reinforcement_for_polymeric_composites?el=1_x_8&enrichId=rgreq-d3fe23600400ff0d2cdd0338a925cf14-XXX&enrichSource=Y292ZXJQYWdlOzI1OTg2ODYzMjtBUzoxNjA1NjYzMjQ3Njg3NjhAMTQxNTI5MzQwMzQxMw==
https://www.researchgate.net/publication/229890416_Wood_flour_filled_PP_composites_Adhesion_deformation_failure?el=1_x_8&enrichId=rgreq-d3fe23600400ff0d2cdd0338a925cf14-XXX&enrichSource=Y292ZXJQYWdlOzI1OTg2ODYzMjtBUzoxNjA1NjYzMjQ3Njg3NjhAMTQxNTI5MzQwMzQxMw==
https://www.researchgate.net/publication/223854586_Effect_of_fiber_surface_treatment_and_fiber_loading_on_the_properties_of_bagasse_fiber-reinforced_unsaturated_polyester_composites_Compos_Sci_Technol_683-4631-638?el=1_x_8&enrichId=rgreq-d3fe23600400ff0d2cdd0338a925cf14-XXX&enrichSource=Y292ZXJQYWdlOzI1OTg2ODYzMjtBUzoxNjA1NjYzMjQ3Njg3NjhAMTQxNTI5MzQwMzQxMw==
https://www.researchgate.net/publication/257100235_Jute_fibreepoxy_composites_Surface_properties_and_interfacial_adhesion?el=1_x_8&enrichId=rgreq-d3fe23600400ff0d2cdd0338a925cf14-XXX&enrichSource=Y292ZXJQYWdlOzI1OTg2ODYzMjtBUzoxNjA1NjYzMjQ3Njg3NjhAMTQxNTI5MzQwMzQxMw==
https://www.researchgate.net/publication/248407727_Deformation_and_failure_of_PP_composites_reinforced_with_lignocellulosic_fibers_Effect_of_inherent_strength_of_the_particles?el=1_x_8&enrichId=rgreq-d3fe23600400ff0d2cdd0338a925cf14-XXX&enrichSource=Y292ZXJQYWdlOzI1OTg2ODYzMjtBUzoxNjA1NjYzMjQ3Njg3NjhAMTQxNTI5MzQwMzQxMw==
https://www.researchgate.net/publication/229890421_Wood_flour_filled_polypropylene_composites_Interfacial_adhesion_and_micromechanical_deformations?el=1_x_8&enrichId=rgreq-d3fe23600400ff0d2cdd0338a925cf14-XXX&enrichSource=Y292ZXJQYWdlOzI1OTg2ODYzMjtBUzoxNjA1NjYzMjQ3Njg3NjhAMTQxNTI5MzQwMzQxMw==


Fig. 4. Typical stress–strain curves obtained from flexural tests.

Fig. 5. Flexural modulus of the composites as function of ADFs weight content.

Fig. 6. Flexural strength of the composites as function of ADFs weight content.
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As general consideration, the experimental data suggest that
the changes in flexural moduli are substantially low in comparison
with the modulus of the neat resin, which is indicative of the mar-
ginal effect of the presence of ADFs in modifying the flexural stiff-
ness of the composites.

Also under flexural loading, the addiction of the ADFs is found
to involve detrimental effects on failure strength and deformation
at break of the composites (Figs. 4 and 6). All the composites man-
ufactured show lower flexural strengths in comparison with the
neat resin. In particular, the maximum flexural strength, found
for A-5 composites, is 24.7% lower than that of the neat resin.

As discussed in the previous section, the decrements in the
strength properties is due to the poor adhesion between the hydro-
philic filler and the hydrophobic epoxy resin that, vice versa, does
not influence the stiffness of the composites. The presence of a ri-
gid filler in the epoxy resin involves increments in the flexural
stiffness.

Furthermore, it is worth to note that the flexural strength of the
composites varies as function of the ADFs size similarly to the ten-
sile strength (Fig. 3). In particular it is found that:

– The composites with filler content equal to 5% and 10% in
weight show decrements in flexural strength with increasing
size of ADFs.

– Minimum values of flexural strength are found for D-5 and D-10
composites, 42% and 40.6% lower than the neat resin,
respectively.

– Vice versa, flexural strength of the composites with by 15% of
ADFs increases with increasing filler size.

Similarly to the previous case, these trends are strictly con-
nected with void content within the manufactured composites.

Based on EN standard 312-2 and 312-3 [27], the minimum
requirements for flexural strength and modulus of panels for gen-
eral purpose and interior fitments are 11.5 MPa and 1.6 GPa,
respectively [14,28–29]. As shown in Figs. 5 and 6, all the compos-
ites satisfy these requirements.
3.2.3. Dynamic mechanical analysis
Fig. 7 shows the effect of ADFs size on the storage modulus E0 of

the composites filled with 5% in weight of Arundo Donax. The val-
ues of E0 are found to be similar for all the investigated composites
(�2.5 GPa) at low temperature (i.e. in the plastic region).

At higher temperatures, due to loss in stiffness of both the fillers
and the matrix, the storage modulus drops. It is worth to note that
E0 increases with increasing filler size in the rubbery region. In



Fig. 7. Variation of storage modulus E0 with temperature for the composites
manufactured with 5% of ADFs.

Fig. 9. Variation of loss modulus E00 with temperature for the composites
manufactured with 10% of ADFs.

Fig. 10. Variation of tand with temperature for the composites manufactured with
10% of ADFs.
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particular, E0 for the neat resin is 15.1 MPa at 120 �C whereas with
incorporation of 5% of ADFs the storage modulus increases to
21.4 MPa (42% higher than the neat resin) for the A-5 composites,
to 23.3 MPa (+54%) for the B-5 composites, to 25.7 MPa (+70%) for
the C-5 composites and to 27.2 MPa (+80%) for the D-5 composites,
respectively.

As shown in Fig. 8, similar considerations can be formulated for
the composites with 10% and 15% of ADFs content.

As general consideration, the addition of Arundo Donax fillers do
not influence E0 of the composites in the plastic region, regardless
of both the size and content. On the other hand, E0 increases with
increasing both size and content of ADFs in the rubbery region.

In particular the storage modulus at 120 �C of the composites
with filler size lower than 150 lm, increases to 21.4 MPa (+42%
higher than the neat resin) for the A-5 composites, to 29.7 MPa
(+96% higher than the neat resin) for the A-10 composites and to
31.8 MPa (+110%) for the A-15 composites, respectively.

Regarding the composites reinforced with filler size within the
range between 150 lm and 300 lm, E0 at 120 �C increases to
23.3 MPa (+54% higher than the neat resin) for the B-5 composites,
to 36.1 MPa (+139% higher than the neat resin) for the B-10 com-
posites and to 47.2 MPa (+212%) for the B-15 composites,
respectively.

Similar trends are also observed for the composites filled with
particles of size higher than 300 lm.

Loss modulus E00 represents the viscous response of the mate-
rial. Fig. 9 shows the variations of E00 of the composites manufac-
tured with 10% of ADFs, as function of temperature. Similar
trends are observed for the composites filled with 5% and 15% in
weight of ADFs, respectively.

It can be noted that loss modulus increased in the plastic region
and then decreased with increasing temperature in the rubbery
region.
Fig. 8. Variation of storage modulus E0 with temperature for the
The effect of the ADFs size is found to influence more on the va-
lue of E00 above the glass transition temperatures (i.e. temperature
at peak values of E00). In particular, in the plastic region all the com-
posites show values of E00 equal about to 100 MPa, slightly higher
than the neat resin, regardless of the ADFs size. In the rubbery re-
gion E00 increases with increasing the ADFs size.

Similarly, the loss modulus is not influenced by ADFs content in
the plastic region whereas it increases with increase of filler con-
tent above the glass transition temperature.

Tand, also named damping, can be determinated by the ratio
between the loss modulus and the storage modulus (E00/E0). It
depends on the filler–matrix adhesion: i.e. a weak filler–matrix
adhesion leads to higher values of tand [30,31] while a good
composites manufactured with (a) 10% and (b) 15% of ADFs.
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Table 3
Peak height of damping and Tg obtained from tand curves and E00 curves.

Composites Peak height of
damping

Tg from tand curve
(�C)

Tg from E00 curve
(�C)

Neat resin 0.734 69.1 60.50
A-5 0.732 66.3 58.7
A-10 0.706 67.4 58.8
A-15 0.706 68.85 61.2
B-5 0.733 68.4 60.7
B-10 0.667 67.55 59.9
B-15 0.687 69.1 61.45
C-5 0.728 68.95 60.4
C-10 0.675 68.45 60.8
C-15 – – –
D-5 0.678 67.6 60.0
D-10 0.675 68 60.4
D-15 – – –

Fig. 11. Fracture surface micrograph of A-5 composites.

Fig. 13. Fracture surface micrograph of D-10 composites.
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filler–matrix adhesion limits the mobility of the polymer chains
thus reducing the damping.

Fig. 10 shows that ADFs slightly reduces tand, thus confirming
the presence of weak adhesion between the hydrophilic filler and
the hydrophobic polymer used as matrix. Similar trends of tand
are also observed for the composites filled with 5% and 15% in
weight of ADFs, respectively.

The glass transition temperature Tg can be calculated as the
temperature at which the damping [30,32] or the loss modulus
Fig. 12. Fracture surface micrographs o
[33–35] attain their maximum values. As shown in Table 3, the
glass transition temperature is not influenced neither by the ADFs
size nor by their content. In particular, the Tg varies from 69.1 �C
for the neat resin to the range between 66.3 �C and 69.1 �C for
the composites, thus no shift of Tg to higher temperatures can be
attributed to the presence of the ADFs.

This means that the presence of the ADFs does not reduce the
mobility of the matrix chains, due to the weak filler–matrix inter-
facial adhesion.
3.3. Microstructural analysis

Scanning electron microscopy (SEM) analysis was performed by
scanning the tensile fractured surfaces of the composites to better
understand the influence of the ADFs on their morphology.

SEM analysis is an excellent technique for examining the sur-
face morphology of samples. It allows to deeper analyse the fil-
ler–matrix interfacial adhesion, to focus how many voids are
dispersed and to evaluate their size at varying the filler size and
content.

As shown in Fig. 11, the fractured surface of the A-5 composites
is not characterized by voids or pores. This image highlights their
good morphology, already evidenced by the assessment of void
content (i.e. 1.29%). The B-5 composites (void content tv equal to
1.36%) and the C-5 composites (tv = 1.59%) show similar morphol-
ogies to the previous one, so the related micrographs are not
shown.
f (a) A-10 and (b) C-10 composites.
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Fig. 14. High magnification micrograph of filler–matrix interface.
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A certain number of micro-voids can be highlighted on the frac-
tured surfaces of the composites reinforced with filler content
equal to 10% in weight and filler size lower than 150 lm
(Fig. 12a) and within the range 300–500 lm (Fig. 12b).

The micrographs allow to evidence the different morphologies
of the A-10 composites and the C-10 composites. In particular,
the A-10 composites (tv = 2.5%) appear to be characterized by a
lower number of micro-voids than the C-10 composites
(tv = 3.64%). No notable differences in the dimension of voids can
be observed. The morphologies of the B-10 composites
(tv = 2.73%) and D-5 composites (tv = 2.46%), appear similar to that
of the A-10 composites, so are not shown for sake of conciseness.

On the other hand, the fractured surface of the D-10 composites
(Fig. 13) shows both micro-voids (<100 lm) and voids of higher
dimensions (i.e. >200 lm). The high void content (i.e. 4.57%) mea-
sured for the D-10 composites is due to the presence of these
macro-voids.

In Fig. 14 the micrograph at high magnification of an embedded
fibre is shown. The morphology clearly evidences the weak
filler–matrix adhesion, due to the low compatibility between the
hydrophilic filler and the hydrophobic polymer used as matrix.
As discussed in the Section 3.2, this low compatibility leads to poor
strength properties of the ADFs-epoxy composites studied.

4. Conclusions

The crucial scope of this work was to manufacture epoxy com-
posites using a natural and inexpensive filler derived from the cul-
ms of Arundo Donax.

In particular, the influence of the content and size of ADFs on
static and dynamic mechanical properties of the composites was
investigated.

Three compositions (5%, 10% and 15% fillers weight content)
and four different filler sizes (<150 lm, 150–300 lm, 300–
500 lm and 500 lm–2 mm) were analyzed.

The static mechanical characterization shows that:

� All the composites show higher tensile moduli than the neat
resin.

� Tensile modulus is observed to be highest for B-15 composites
(40% higher than the neat resin).

� All the composites show comparable or slightly higher flexural
moduli than the neat resin.

� Flexural modulus is observed to be highest for C-10 composites
(15.3% higher than the neat resin).
� All the composites show lower tensile and flexural strengths
than the neat resin.

� The mechanical strengths of the composites with ADFs content
equal to 5% and 10% decreases with increasing filler size.

� Vice versa, the mechanical strengths of the composites with
ADFs content equal to 15% and 10% increases with increasing
filler size.

Thus, the ADFs can be useful to improve the tensile stiffness of
the composites whereas they have a marginal effect in modifying
the flexural stiffness of the composites.

The detrimental effects on strength properties of the compos-
ites are due to the poor adhesion between the hydrophilic filler
and the hydrophobic matrix since no filler chemical treatments
are carried out to improve the filler–matrix interaction.

Furthermore, it is worth to note that the variations of the
strength properties as function of size and content of ADFs are
strictly related to void content within the composites.

The composites were also tested for its dynamic mechanical
properties and following are the conclusions:

� Neither changes in storage modulus nor in loss modulus can be
attributed to the presence of the ADFs in the plastic region.

� Both storage modulus and loss modulus increase with increas-
ing both size and content of the ADFs in the rubbery region.

� Neither significant shifts of tand peaks to higher temperatures
nor reductions in the peak height of damping are found.

These results confirm that the addition of the ADFs does not re-
duce the mobility of the matrix chains, due to the weak filler–ma-
trix interfacial adhesion.

S.E.M. analysis allowed to analyse filler–matrix interface high-
lighting the weak compatibility between the natural filler and
the epoxy resin used as matrix. Furthermore, different morpholo-
gies of the composites manufactured at varying size and content
of fillers were evidenced.

It can be conclude that the new filler made out by grinding the
culms of Arundo Donax may be considered as a possible alternative
of synthetic fillers or other natural fillers to manufacture epoxy
composites useful in semi-structural applications. Furthermore,
the use of Arundo Donax as raw material will improve the opportu-
nity of disposal of this invasive and aggressive non-wood plant.
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