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Natural fibers combine technological, economic and ecological aspects. However, a major restriction
on their successful use in long term composite applications is their high moisture absorption and poor
dimensional stability. This paper is aimed at establishing a link between the mats grammage and the
mechanical properties of the epoxy/jute fibers laminates. Composites reinforced by coarse, medium
and fine (C, M and F) mats were processed by vacuum bagging. Some batches were immersed in water
up to 60 days in order to study the hydro-degradation. Mechanical tests were performed to obtain the
bending strength and impact response. The mechanical response to bending and impact loadings was
conditioned not only by the percentage of fiber, but also by the thickness of the specimens, which
leads to composites F having lower strength than composites C despite having a higher percentage of
fiber. Immersion in water causes a marked loss of mechanical properties in the first days of immersion,
especially for thinner fiber grammage composites. A strong influence of the mats grammage on the
impact response was observed. Increasing mats grammage promotes a strong increase in peak load,
restored energy and impact energy for perforation and also a marked reduction of the deformation.
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1. Introduction

Nowadays, consumers are increasingly concerned
with sustainability issues brought about by the resource
and environmental protection. Therefore, environmentally
friendly, natural, recycled, or biodegradable materials have
become quite attractive'?. Natural fibers, a new group of
environmentally friendly materials, have been in considerable
demand in recent years. These fibers combine technological,
economic and ecological aspects®, play a key role in the
emerging “green” economy, and are being widely used in
automotive applications®. Vegetable fibers are low cost,
abundant and have low environmental impact, since they
are biodegradable and easily recyclable>®. Lingo-cellulosic
fibers possess low density, are sometimes equivalent to
glass fibers in terms of stiffness. Therefore, there has been a
growing interest in the use as reinforcing fibers in polymeric
composites’ 2.

The mechanical properties of composite materials
depend on many factors, which include fiber length, shape,
size, composition, orientation and distribution, as well as
volume fraction, mechanical properties of the polymer matrix,
manufacturing techniques and adhesion or connection between
the fibers and the matrix'®. Fiberglass has been used since the
1930s and it is most commonly used in reinforcing polymer
matrix composites. One of the main causes of mechanical
properties loss in composites reinforced with fiberglass is
their susceptibility to moisture absorption'*. The epoxy resins
belong to the group of thermosetting resins and have a wide
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range of applications in the aerospace, automotive and marine
industries, among others. In the production of composite
materials reinforced with vegetable fibers, the hydrophilic
nature of the epoxy resins becomes attractive due to its high
affinity with this type of fibers (hydrophilic nature).

Kenaf, sisal, banana, jute flax, pulp, wood flour, oil
palm, pineapple leaf and coir are the main natural fibers used
as composite reinforcement®. The fact that jute fibers are
100% biodegradable, associated with their good mechanical
strength, allows the replacement of synthetic fibers in
applications where resistance is not a determining factor.
The disadvantages include a decrease in strength when wet
and that it also becomes subject to microbial attack in humid
climates, yellowing in sunlight. According to Alves C. et al*®
the typical properties of jute fibers are: density: 1.5 g/cm3;
tensile strength: 393-773 MPa; elastic modulus: 10-30 GPa.

The anatomical origin of the fiber is a determining factor
in the final properties of the processed composite material,
because fibers of different origins generally have different
properties. Besides that, species, age, growing conditions,
weather conditions and the extraction techniques are also
factors to take into account in the properties of fibers!. Along
their length, vegetable fibers have defects which constitute
weakness points, affecting not only the respective mechanical
properties, but also the physical properties'’.

From a structural point of view, vegetable fibers are
multicellular in nature, consisting of a number of continuous
cells with different sizes, shapes and arrangements for
different types of fibers. The central region of some vegetable
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fibers can have a cavity termed “lacuna”, surrounded by
many lumens within its cellular structure. The lacuna and
the lumens are responsible for these fibers” high capacity
of water absorption. A major limitation of vegetable fibers
in durable composite applications is their high moisture
absorption and poor dimensional stability (swelling), as well
as their susceptibility to rotting. Fiber swelling can lead to
micro-cracking of the composite and, consequently, to the
degradation of mechanical properties'®!”.

The hygroscopic nature of natural fibers has a primary
role in the study of long-term properties, including the water
aging of natural fiber reinforced composites. Bledzki et
al? have studied the wood filled thermoplastic composites
and found that after immersing the samples for 28 days in
water, the mechanical properties decreased by 8 to 35%.
Thwe and Liao®' investigated the environmental effect on
bamboo-glass/polypropylene hybrid composites, concluding
that the tensile and flexural strengths of the bamboo fiber
reinforced composites reduce 7.5-32% with absorption time
and temperature from 25, 50 and 75 °C. Other researchers
studied the water aging of natural fiber composites, reporting
that water uptake and water diffusion coefficient also increased
with fiber content®2*.

A recent study by Y. Yang et a/* investigated the effect
of'hot water immersion on the tensile properties of injection
molded jute/polypropylene composites (Jute/PP) with
different fiber contents. They found that the tensile modulus
increased linearly with the increasing content of jute fibers,
while the tensile strength increased initially and decreased at
jute fiber content above 30 wt%. Both properties decreased
significantly by aging in jute/PP with higher fiber content,
as a result of the degradation of the interfacial adhesion
between jute fiber and PP.

This paper is focused on the characterization of the
epoxy composite materials produced with different woven
mesh size jute fibers and processed by vacuum bagging, in
terms of flexure mechanical properties and impact response.
Taking into account the hygroscopic nature of natural fibers,
the aging degradation promoted by immersion in water at
room temperature was also investigated in terms of the
flexural properties.

2. Experimental and material fabrication

The composite laminates were manufactured using epoxy
resin matrix reinforced by four layers of jute fiber mats by
a vacuum bagging technique. Three types of bidirectional
woven jute fiber mats were used, each with different grammage
and mesh size, acquired from Arraiolar Company, Portugal.
The epoxy resin used was SR 1500, formulated by bisphenol
A and F and it was combined with the hardener SD 2503,
both supplied by Sicomin, Marseille, France. This epoxy
system has good waterproof and adhesion properties and is
commonly used in the ship building and aerospace industries.
The resin and hardener were taken in the mixing ratio of
100 (g) / 30 (g) parts by weight, respectively.

The average fiber diameter was obtained by microscopic
analysis. For this purpose, the morphologies of the cross
sections of the specimens in regions rich in longitudinal fibers
were analyzed using a scanning electron microscope (SEM),
Siemens XL 30. The samples were cleaned by ultrasound
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and coated with a thin layer of gold. The accelerating voltage
used was 5 kV. Fig. 1 shows an example of a SEM image.
Fiber diameter was obtained from these pictures by direct
measurements in a statistical analysis. Average values are
much closer to the three grammage mats in order of 85+24 um.

Due to the strong hydrophilic character of jute fibers,
they were subjected to a drying process for 12 hours in an air
circulating oven at 140 °C, in order to remove any moisture
present in the fibers and hence promote better adhesion between
the fiber and resin. The mould was coated with polyvinyl
alcohol (releasing agent) so that the materials could be easily
removed. The hand lay-up technique was used to impregnate
the composite structures. Laminated composite plates were
manufactured by alternating layers of woven jute fiber mat
with epoxy resin. The fiber layers were oriented in the same
direction. Fig. 2a) shows a schematic representation of the
lay-up technique, while Fig. 2b) is a photo of the vacuum
bagging manufacturing process.

After the 24-hour cure cycle at the temperature of 20 °C,
all laminated plates were post-cured in an air circulating oven
at a temperature of 60 °C for 16 hours, as recommended
by the manufacturer. The relative vacuum pressure was
always the same (-0.9 bar), causing the laminate thickness
to become dependent on the grammage of the fiber mats.
The average thickness of the plates was 4.2, 3.1 and 2.7 mm,
for composites with thick, medium and thin woven jute,
respectively.

In order to obtain the volume fraction and porosity the
weight of fiber, and resin and also the volume of the composite
sample were measured. Weight of fiber, and resin were
converted in theoretical volumes using the correspondent
values of densities. Difference between experimental and
theoretical volumes of the sample was assumed as the
porosity. Table 1 summarizes the manufacturing parameters
of the three composite laminates, indicating: the type and
grammage of the fibers, fiber percentage in volume, porosity
and the average thickness.

Experimental mechanical tests were performed under
three points bending in order to obtain both flexural strength
and flexural stiffness of the three composite laminates.
The impact response of the laminates, Dynamic Mechanical
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Figure 1. SEM cross view of the fiber distribution.
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Figure 2. a) Schematic representation of the lay-up technique; b) laminated composite plates.

Table 1. Manufacturing parameters.

Composite Fiber Fiber mat Fiber volume Porosity Laminate thickness
reference type grammage (g/m?) fraction (%) (%) (mm)

C Thick woven mat 459 29.2 16 4.2

M Medium woven mat 367 31.5 19 3.1

F Thin woven mat 311 30.7 35 2.7

Analysis (DMA) and water absorption tests were also carried
out. Specimens with the required size were individually cut
from the manufactured laminates using a band saw table.
The cut edges were then smoothed using 240 Grade SiC
paper. The dimensions of the specimens for the flexural tests
and water absorption were 75 mm length by 12 mm width.
The specimen’s dimensions for the dynamic mechanical
analysis (DMA) were 46 mm length by 3 mm width, while
the samples for impact tests were 100x 100 mm? square plates.

Moisture diffusion in a composite depends on factors
such as fiber volume fraction, voids, matrix and temperature?.
Water uptake tests were performed according to the ASTM
D570-98 experimental procedure: the specimens were placed
inan oven at 100 °C for 2 hours in order to remove moisture
and weighed after cooling; then, they were immersed in
distilled water at room temperature (20 °C); afterwards, the
water absorption was periodically measured (weight gain).
For this, the specimens were withdrawn from the water at
intervals of predetermined time, wiped and dried with a tissue
paper to remove the surface moisture, and then weighed. After
the weighing, the specimens were immediately immersed
again in distilled water. This procedure was repeated for
21 days until they reached the limit of saturation (constant
weight). The weight was measured using a Mettler Toledo
AG 204 analytical balance.

The water gain percentage (W%) was determined by
equation (1),

W(%):W’W_/ioWox]O() (1)

where: W is the wet weight of the specimen at time t of
immersion in water and W is the initial weight of the dry
specimen.

One of the main concerns about the usage of vegetable
fibers as reinforcement in composite materials is their
susceptibility to moisture absorption and its effect on the
mechanical properties of said fibers. To evaluate this effect,
dry specimens and wet specimens after 2, 15, 30 and 60 days
immersed in distilled water at room temperature, were tested
in bending. The tests were performed in three-point bending
loading with a span of 40 mm, with nominal span/thickness
about 10, using a Shimadzu AG-10 universal testing machine
equipped with a SkN load cell and TRAPEZIUM software
at a displacement rate of 1 mm/min at room temperature
(£ 20 °C) and according to the ASTM D638 standard.

Bending strength was calculated as the maximum
bending stress at middle span section using the load peak of
the load versus displacement curves. The stiffness modulus



2016; 19(3)
was calculated by equation (2) according to the linear elastic
beam theory,

_APE?
48Mul

@)

where: I is the inertia moment of the transverse section
and AP and Au are, respectively, the load range and
flexural displacement range at middle span for an interval
in the linear region of load versus displacement plot.
The stiffness modulus was obtained by linear regression
of the load-displacement curves. Taking in to account
some non-linearity of the load-displacement curves, the
correlation coefficient of linear regression decreases when
the segment size increases. The value of the stiffness
considered in this work was that corresponding to a
correlation coefficient of 0.998%.

Dynamic mechanical analysis (DMA) is widely used
to determine relative stiffness and damping characteristics
of polymeric and composite materials*’. The dynamic
mechanical analysis was conducted by a Perkin DMA 8000,
using the corresponding software to collect and analyze the
experimental data. The DMA tests were performed according
to the DIN 53457 standard in three-point bending with a span
of 20 mm, at the temperature range from 18°C to 90°C ata
heating rate of 2°C/minute.

Low-velocity impact tests were performed using a drop
weight-testing machine, CEAST 9350. A semi-spherical
tip impactor with 3.4 kg of mass was used. The tests were
performed according to ASTM D3763 standard on square
section samples of 100x100 mm and the impactor stroke, at
the centre of the samples, using a circular 75 mm diameter
support. The impact energies were previously selected
in order to enable the measuring of the damage area, but
without promoting perforation for the majority of the
specimens. For each condition, 3-4 specimens were tested
at room temperature.
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3. Results and discussion

The water absorption curves were obtained by
immersing the specimens in distilled water up to 21 days.
Three specimens were used for each laminated composite.
Fig. 3a) shows the average values of the percentage of
weight gain as a function of water immersion time. For the
three composites, the water absorption kinetics decreased
until equilibrium (constant weight) depending on the fiber
grammage. Water absorption rate is fast in the early stages,
corresponding to the first two-day of water immersion time.
The saturation state was attained with a maximum moisture
content of about 47%, 28% and 20% for laminates F, M and
C, respectively. Therefore, the composite material reinforced
with thinner mesh size (F) absorbs much more water than
the other two materials caused by its higher level of porosity.
The composite material reinforced with coarse mesh size (C)
presents the lower maximum moisture content in agreement
with its lower level of porosity. The diffusion behaviors can
be modeled by equation (3),

ﬁ:k,,t"
M,

3)

where M, is the water absorption at time t, Ma. is the water
absorption at saturation point or infinite time, kn and n
are the constants. Depending of exponent n the diffusion
process can be classified as: supercase II (n>1), case II
(n=1), anomalous (1/2<n<1), classical/Fickian (n = 1/2),
or pseuso-Fickian (n<1/2)%-3,

Figure 3b) shows the variation of log Mt/Ma. versus log t
(days) for three types of bidirectional woven jute fiber mats.
Linear regression lines were fitted by least-mean squares,
with slopes ranging between 0.46-0.50, indicates that three
composites show a close Fickian diffusion.

Current results agrees with Leman et al?®, which studied
the moisture absorption of sugar palm fiber reinforced epoxy
composite and observe that higher fiber composition present
the higher moisture absorption rate.
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Figure 3. Water absorption results: a) water absorption versus time; b) Mt/Ma versus time.
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Fig. 4 shows representative bending stress versus
displacement curves obtained from three-point bending
tests performed on dry laminated composites. Higher
grammage mats laminates shows higher values of stiffness
and bending stress at peak load, but lower strain at failure,
which indicates that a coarser interwoven promotes the
strengthening of the material.

Fig. 5 shows the average data (and the minimum-maximum
interval) of bending strength (o) versus the number of days
of immersion in water. Each value represents an average data
of five specimens. A sudden decrease in the bending strength
of woven jute fiber laminates with the time of immersion in
water was observed, followed by a tendency to stabilization
for higher immersion times. The marked loss of mechanical
properties in the first days of immersion in water may be
caused by the degradation of the fibers; jute fibers have a
central hollow region responsible for high water absorption
capacity, which may cause swelling, resulting in the generation
of micro-cracks in the fiber-matrix interface'®. Composites
with fine jute show a higher loss in resistance, as a result
of the increase on fiber degradation promoted by a greater
water absorption. For long immersion time, composites
with fine jute have a bending strength about 35% lower
than composites with coarse jute. However, the thin jute
composites also have lower resistance than the other even
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Figure 4. Curves of the flexural stress versus the displacement.
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Figure 5. Bending strength versus immersion time in water.
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when they were not immersed in water, but, in spite of that,
they have similar percentage of fiber in volume. Therefore,
the higher level of porosity observed in the case of fine jute
composites must be the main cause for the observed greater
loss of bending strength.

Figure 6 shows the average data (and the minimum-
maximum interval) of flexural modulus against the time of
immersion in water. The effect of the water in the flexural
modulus is very similar to the one already observed for the
bending strength. A great decrease in the average values
was also observed after few days of immersion in water, and
afterwards only a slightly decreasing occurred.

Comparing the bending stiffness of the composites
immersed during 60 days with non-immersed specimens,
it was observed a reduction of 42%, 48% and 53%, for
composites with coarse, medium and fine jute, respectively,
indicating that degradation effect has a direct relation with the
percentage of absorbed water. The stiffness of non-immersed
specimens also shows a non-expected behavior. The coarse
and medium jute composites have closed stiffness while thin
jute composites have lower stiffness than the others, even with
a similar percentage of fiber in volume. The results show a
significant and not totally expected influence of grammage
on the rigidity, strength and deformation at rupture. However,
since all tests were performed in 3 point bending, it’s possible
that these results can be justified with the variation of the
thickness of the specimens and the variation of porosity.
Thus, the samples made with higher grammage fiber have
significantly greater thickness, thus becoming more rigid
in spite of its similar fiber volume fractions. The increase
of thickness contributes to greater stiffness, lower strain at
break and eventually higher strength. Expert et al*® studied
the effect of water absorption on polypropylene matrix
composite natural fibers, and obtained also a significant
decrease in mechanical properties with the increase of
water absorption, namely in Young’s modulus and stress
at maximum load.

Other parameters that may contribute to the observed
behavior are the dispersion and fiber/resin adhesion. To analyze
these parameters the cross section of the specimens was
observed using SEM. Figures 7 a), b) and c¢) show pictures
of the cross sections of composites manufactured by fine,
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Figure 6. Flexural modulus versus immersion time in water.
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Figure 7. Cross section observations by SEM.

medium and coarse grammage, respectively. It is clear
that composites manufactuvred by fine grammage shows
poor adhesion and the presence of bigger defects, which
had a decisive influence on the lower resistance and higher
absorption of water in these composites. The adhesion can be
improved by means fiber treatment. Bachtiar et al’! studied
the flexural and impact properties of chemically treated
(4% NaOH and 6% NaOH) sugar palm fiber/polystyrene
composites and obtaind a significant increase in mechanical
properties relative to the untreated composites.

Storage modulus (E’) data were collected during the
DMA tests.

Figure 8 shows the curves of the storage modulus (E”)
against the temperature. Each curve represents an average data
ofthree specimens. As temperature increases, it is possible to
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Figure 8. Average storage modulus (E”) versus temperature.

observe a falling trend in the values of storage modulus (E”).
A decrease in the storage modulus (E’) indicates a decrease in
the stiffness of the composites. For temperatures above 40 °C
it was observed a very sharp drop in the stiffness modulus.
Despite the differences caused by intrinsic difference of
methods, results obtained from DMA tests are in accordance
with the results observed in the static tests and confirm the
increase of the stiffness with the grammage.

Impact tests were carried out with incident impact energies
from 1.1 to 5.5 J. The time range for acquisition data was
6 microseconds. Figures 9 and 10 show some example of
curves, in terms of the energy versus time and deformation
versus time, respectively, obtained for the three composite
compositions and impact energy values of 2 and 3 J. These
curves are representative of the performed tests and show
the typical behavior for composite laminates, characterized
by an increase in the absorbed energy, load and deformation
up to a maximum value, followed by a drop. These figures
also show significant differences in the impact responses
of the three materials.

In the majority of the tests the impactor deforms the
specimens and always rebounds, which means that the
maximum impact energy was not high enough to produce
full penetration. However, for higher impact energies a
total perforation by impactor was achieved. The analysis
of Figures 9 and 10 shows a strong influence of the type of
jute in the impact response. It is very clear that increased
grammage is associated with a strong increase in peak
load and restored energy and a marked reduction of the
deformation and time to reach the maximum load. As in the
static tests, these results must be substantially conditioned
by the increase of thickness obtained on the laminates with
greater grammage.

Figure 11) shows the average values (and the
minimum-maximum interval) of the peak load, in terms
of absolute values, versus the incident impact energy, for
all laminates. As expected, the peak load increases almost
linearly with the impact energy until a perforation of the
plates is observed, and afterwards peak load has a marked
reduction. The energy required for perforation increases
sharply with the laminate grammage, which is due to the
increased thickness of the plates. According with previous
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7
T 6}
E
§ 5¢
3 -~
~
E 4 Z ~
$ 2 N
a I s ~
3 ' N \
4 N A
2 /4 \ Composite C - 3J
y N\ Composite M - 3J
/ \ —— Composite M - 2J
1r Composite F - 3J
— — Composite F - 2J
0 t + +
0 5 10 15 20

Time [ms]

Figure 10. Examples of deformation curves versus time.

analysis, peak load increases significantly with the grammage
of the laminate for a given impact energy, mostly due to the
increased thickness and stiffness.

Fig. 12 shows the average values (and the minimum-
maximum interval) of the recovery energy versus the incident
impact energy, for the three laminates. Recovery energy
presents, obviously, an inverse tendency of that for absorbed
energy. According to the results obtained for other types of
composite formulations, recovery energy (in percentage of
incident impact) tends to decrease with impact energy, as a
consequence of increased damage occurrence until perforation.
For this limit condition the recovery energy drops sharply
to zero. A marked increasing of the perforation impact
energy was obtained by increasing the fiber grammage and
correspondent thickness of the laminates.

4. Conclusions

The static mechanical properties and impact response
of a set of epoxy laminated composite plates with different
types of jute fibers (Coarse, Medium and Fine) processed by
vacuum bagging were characterized. The main conclusions are:
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Figure 12. Recovery energy versus the impact energy.

- Once the vacuum pressure was maintained constant,
the thickness of the composite laminates was largely
determined by the grammage of the reinforcing fabrics.
The bending mechanical properties and impact response
was conditioned not only by the percentage of fiber,
but mainly by the thickness of the specimens;

- Immersion in water causes a marked loss of mechanical
properties in the first days of immersion due to the
degradation of the fibers and interface, followed by a
slight tendency to stabilization for higher immersion
times. The loss of properties was much more marked
for fine fiber grammage composites;

- Both long time immersed and not immersed specimens
of composites F have bending strengths lower than
composites C, in spite of'its similar percentage of fiber
in volume, due to the role of thickness, porosity and
fiber/polymer adhesion;

- A strong influence of the grammage on the impact
response was observed. Increased grammage promotes
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a strong increase in peak load and restored energy, and
amarked reduction of the deformation. The recovery
energy slowly decreases with the impact energy
increasing until perforation. A marked increasing
of perforation impact energy was obtained with the
increase of the fiber grammage.
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