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Bio-composites are the smart materials of the future.
It is only through these materials that the balance of
ecology and economy can be maintained. In the past
decade the interest and research in this area has grown
exponentially. There is a growing interest in the use of
natural/bio-fibers as reinforcing components for ther-
moplastics and thermosets. Although thermoplastics
have added advantage of recycling possibility, ther-
mosets are targeted to obtain much improved mechan-
ical properties as compared to thermoplastics in the re-
sulting bio-composites. Natural/bio-fibers offer many
advantages such as energy efficiency, low cost, low den-
sity, high toughness, acceptable specific strength, and
bio-degradability [1, 2]. However they do suffer from
a few limitations as well. Bio-fibers are hydrophilic in
nature, and thus have lower compatibility with rela-
tively hydrophobic polymer matrices. The hydrophilic
nature of biofiber is also responsible for water absorp-
tion characteristic of the biocomposite thus limiting its
application where water absorption is a major hurdle.
Since mechanical properties of the composites are re-
lated to the compatibility and interaction between the
components, improvement of the interface and inter-
phase interactions in natural fiber/polyester composites
is essential.

In this paper, bio-composites were made using a
hemp fiber as reinforcement and unsaturated polyester
(UPE) as the matrix. Hemp fiber is a “bast fiber,” mean-
ing that it is obtained from the stem of the plant. It
has 70.2–70.4% (by wt.) cellulose, 3.7–5.7% lignin,
17.9–22.4% hemicellulose, 0.9% pectin, 0.3% wax and
8.0% moisture [1, 3]. Hemp fiber has tensile strength
of 690 MPa and Young’s modulus of 20 GPa [1, 3].
A non-woven mat containing 90% hemp and 10% low
molecular weight polyester binder was used as the re-
inforcement for the bio-composites fabricated in this
work. As a polymer matrix, UPE finds widespread use
and enjoys a 40% market share of all thermoset com-
posites [4]. In this work, composites were made using
untreated and chemically treated hemp mats and fab-
ricated using compression molding. A control made
from only neat UPE was cured in a conventional oven
since it could not be compression molded as it shrank
during curing. The optimum fiber content was deter-
mined by making bio-composites with different fiber
volume fractions (10, 20, 30 and 40%), and testing them
for mechanical properties. Bio-composite with highest

mechanical properties was the one with optimum fiber
content (30%).

The required amount of fiber mats was vacuum dried
prior to sizing. The dried fiber mats were soaked in
a solution containing 3.0% acrylonitrile (AN), 0.5%
dicumyl peroxide and 96.5% ethanol for 15 min. The
excess solution was drained from the mats and they
were dried overnight in a hood followed by vacuum
drying. The polyester resin (UPE) was mixed well with
the initiator, methyl ethyl ketone peroxide (MEKP) and
the accelerator, cobalt naphthenate (CoNp), in required
amounts and then degassed under vacuum at room tem-
perature for 5 min. The fiber mats were individually
coated with the degassed resin. They were then placed
between two aluminum plates covered with teflon re-
lease sheets. The plates were placed in a compression
molding press (Carver©R Laboratory Press) and compos-
ites were cured at 560 kPa for 2 h at 100 ◦C followed
by 2 h at 150 ◦C. The bio-composite using untreated
fiber mats was made in same way. The resulting com-
posite plaques were cut into required shapes for various
tests. For making the control panel from neat resin, de-
gassed UPE solution was poured over degassed silicone
moulds and cured in a conventional oven using the same
temperature profile.

The bio-composites and neat polyester samples were
used for tensile, flexural and notched Izod impact test
complying with ASTM D638, ASTM D790 and ASTM
D 256 standards respectively. The tensile fractured sur-
faces of the composites were examined using Environ-
mental Scanning Electron Microscopy (ESEM). Dy-
namical mechanical analysis (TA Instruments DMA
2980) was used to measure the storage modulus, loss
modulus and tan delta. For this test, rectangular sample
bars were placed on the 3 point bending clamp in the
furnace and heated at 4 ◦C/min from room temperature
to 150 ◦C.

Bio-composite made from acrylonitrile treated hemp
fiber gave the highest tensile strength and tensile mod-
ulus, (Fig. 1). By this treatment, the tensile strength
was enhanced by 160% as compared to that of the neat
polyester control, and 80% when compared to the raw
hemp-UPE bio-composite. In the case of the modu-
lus, the bio-composite made with chemically treated
hemp gave an improvement of 430% compared to
the polyester control and 25% when compared to un-
treated hemp-UPE. Flexural properties follow the same
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Figure 1 Effect of acrylonitrile treatment on tensile properties of hemp
fiber-unsaturated polyester composites: A = neat resin, B = untreated
hemp-polyester composite, and C = acrylonitrile treated hemp-polyester
composite.

Figure 2 Effect of acrylonitrile treatment on Izod impact properties
of hemp fiber-unsaturated polyester composites: A = neat resin, B =
untreated hemp-polyester composite, and C= acrylonitrile treated hemp-
polyester composite.

Figure 3 Stress-strain plot from tensile test: A = neat resin, B =
untreated hemp-polyester composite, and C= acrylonitrile treated hemp-
polyester composite.

trend as tensile properties. The highest bending strength
and MOE are exhibited by acrylonitrile treated hemp-
UPE composites, (figure not shown). As compared to
neat UPE plastic, the bending strength of acrylonitrile
treated hemp-UPE composite increased by 15%. The
elastic modulus of acrylonitrile treated hemp-UPE bio-
composite increased by 225% as compared to that of
neat UPE, and by 30% as compared to that of untreated
hemp-UPE composite. The improvement in the flexu-

Figure 4 Effect of acrylonitrile treatment on storage modulus and tan
delta of hemp fiber-unsaturated polyester composites: A = neat resin,
B = untreated hemp-polyester composite, and C = acrylonitrile treated
hemp-polyester composite.

Figure 5 ESEM micrographs (magnification150×, scale 300 µm) of
tensile fractured surfaces of: (a) untreated hemp mat-UPE composite
and (b) acrylonitrile treated hemp mat-UPE composite.

ral and tensile properties of the treated fiber composite
is attributed to the modifications at the molecular level
of the fiber, which lead to fiber-matrix bonds, increased
adhesion and more effective stress transfer.

Composite fracture toughness is influenced by inter-
laminar and interfacial strength parameters. The fibers

2962



play a very important role in the impact resistance of the
composite as they interact with the crack formation in
the matrix and act as stress transferring medium. It is a
common observation that with most of the effective sur-
face treatments, the flexural and tensile properties of the
composite increase, but the impact strength decreases.
But with the acrylonitrile treatment of hemp fibers, not
only do the flexural and tensile properties of the com-
posite increase, but the impact strength increases as
well (Fig. 2). The enhancement in notched Izod impact
strength is 180% as compared to the polyester control,
and 50% as compared to raw hemp-UPE bio-composite.
Here, the impact strength increases because of the
flexibility of the interface molecular chains. There is
greater energy absorption in the bio-composite contain-
ing treated fibers. When the cracks moves forward, the
chain motions change due to their flexibility and create
a barrier to the crack growth. The tensile stress-strain
plot to failure for chemically treated fiber based com-
posites has a greater area under the curve than the other
materials (Fig. 3). Therefore, the acrylonitrile treated
fiber based composite is expected to have the highest
impact strength, because the area under the curve in
the stress-strain plot is generally related to the impact
strength of the material.

The storage modulus (Fig. 4) tracks the trend in flex-
ural and tensile moduli. The composites prepared with
the treated fibers showed improved wetting behavior of
the fibers with the resin, producing a stronger bond
at the interface and higher mechanical strength. At
30 ◦C, the increase in the storage modulus of the treated
hemp-UPE composite as compared to untreated hemp-
UPE bio-composite was 45%, at 80 ◦C this increase
was 50%, and at 150 ◦C, it was 110%. The loss modu-
lus of composite containing chemically modified hemp
fibers is higher than the composite with untreated hemp,
(figure not shown). At 30 ◦C, the loss modulus of the

Scheme 1 Scheme showing probable crosslinking reaction between unsaturated polyester resin, styrene and acrylonitrile modified natural fibers.

bio-composite with chemically treated fibers was 55%
higher than untreated, at 80 ◦C it was 60% higher, and
at 140 ◦C it was 75% higher than that of the compos-
ite made with untreated fibers. This follows the trend
found previously for natural fiber-thermoset compos-
ites, where the loss modulus increased after addition of
fibers to the plastic [5].

Tan delta (Tan δ) is the ratio of loss modulus to the
storage modulus. The temperature corresponding to the
maximum tan delta value is often taken to be the glass
transition temperature, Tg. The Tg for untreated hemp-
polyester composite is 97 ◦C, and that of acrylonitrile
treated hemp-UPE composite is 95 ◦C (Fig. 4). Over the
entire range of temperature, tan δ was very high for the
neat resin due to huge reduction in the storage modulus
values at higher temperatures. The lower values of tan δ

for the bio-composite made with modified hemp fibers
suggest that there is less damping in the chemically
treated hemp composite. The tan δ vs. temperature plot
for both bio-composites is similar.

The ESEM micrographs of tensile-fractured surface
of bio-composites are shown in Fig. 5. The distribution
of the fibers in the mat is random, and uneven. Unmodi-
fied composites show poor interfacial bonding between
the fiber and matrix, resulting in a relatively clean sur-
face over the pulled out fibers due to greater extent of
delamination. Shear failure results in a high degree of
pull out in the case of untreated fiber/polyester compos-
ites. Acrylonitrile treated hemp-UPE composite show
a smaller degree of fiber pull-out and good adhesion
between fiber and matrix.

The improvement in all mechanical and thermal
properties of the bio-composite based on acryloni-
trile treatment are because of the possible structure
(Scheme 1) that results during the curing reaction. This
structure consists of acrylonitrile molecules grafted
onto the hemp fiber and cross-linked with styrene as
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well as with UPE resin. In this structure, the polystyrene
chains are joined to polyacrylonitrile chains, which in
turn are connected to the hemp fiber and UPE resin,
giving rise to a highly cross linked network.

In conclusion, an increase in the mechanical and ther-
mal properties is seen for surface treated fiber based
bio-composites. Low percent acrylonitrile grafting is
quite effective in improving the fiber-matrix adhesion.
The ESEM photomicrographs corroborate the claims
that adhesion and interfacial bonding between fiber and
matrix is improved by this surface modification.
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