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Processing and characterization of 100%
hemp-based biocomposites obtained
by vacuum infusion

G Francucci'’?, NW Manthey', F Cardona' and T Aravinthan'

Abstract

Novel biocomposites made of an acrylated epoxidized hemp oil based bioresin reinforced with random hemp fiber mat
were manufactured by the vacuum infusion technique. Mechanical properties (tensile, flexural, Charpy impact and
interlaminar shear), dynamic mechanical properties (glass transition temperature, storage modulus and crosslink density)
and moisture absorption properties (saturation moisture level and diffusion coefficient) were investigated and compared
with samples manufactured under the same conditions but using a commercial synthetic vinylester resin as the polymeric
matrix. Results showed that the 100% biocomposites mechanical performance is comparable to that of the hybrid
composites made with the synthetic resin. Moisture absorption tests showed that acrylated epoxidized hemp oil
based samples displayed both higher diffusion coefficient and saturation moisture content; however, fiber reinforcement
was the dominant transfer mechanism. Vinyl ester based samples were found to have higher storage modulus, glass

transition temperature and crosslink density than acrylated epoxidized hemp oil samples.
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Introduction

The high environmental impact caused by traditional
composite materials made with petroleum-based poly-
meric resins and synthetic fibers (glass, carbon, aramid)
has encouraged the development of biocomposites to
replace those materials predominately in non-structural
applications. Although some biocomposites are being
created using natural fibers reinforcing petrochemical
matrices (they might be called hybrid composites), the
best case scenario from the environmental point of view
is to produce composites in which both matrix and
reinforcement are derived from natural resources.
These materials have environmental advantages over
petroleum-based materials, since they are made from
bio-degradable and/or renewable resources.' Plant-
based natural fibers and resins also help reduce the
carbon footprint of the end composite from the grow-
ing of the plants and enhanced energy recovery at the
end of their lifecycle.”

It is understood that the performance of biocompo-
sites is lower than that of traditional composites.

Water absorption®* can result in swelling of the

fibers, negatively influence the dimensional stability of
the natural fiber composites and also deteriorate the
mechanical properties of the fibers and the composite
due to weakening of the matrix—fiber interface. The
effect of water and moisture absorption of natural
fiber plastic composites is a serious concern, especially
for outdoors applications, and was studied by numer-
ous authors.”!” Moreover, the adhesion between
natural fibers and the polymeric matrix is often
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insufficient, resulting in low mechanical properties of
the composites. In addition, plant-based fibers suffer
lignocellulosic  degradation at low temperatures
(around 200°C), limiting their applications and process-
ing temperatures.'® For this reason many researchers
have tried to improve the fiber—matrix interface and
decrease natural fiber moisture uptake. Bledzki and
Gassan’ made an extensive review on the most used
methods for surface modification of natural fibers.
They sorted the treatments as chemical or physical
methods. Usually, chemical methods bring about an
active surface by introducing some reactive groups,
and provide the fibers with higher extensibility through
partial removal of lignin and hemicelluloses,'® while
physical methods change structural and surface proper-
ties of the fiber and thereby influencing mechanical
bonding to polymers.

Most of the treatments are performed to improve
compatibility of natural fibers with petrochemical
resins. However, if bioresins are used and in particular
bioresins derived from the same plant which the fibers
were extracted from, the compatibility may be
improved. Therefore, this work studies the performance
of 100% hemp-based biocomposites made with an
acrylated epoxidized hemp oil (AEHO) based bioresin
reinforced with untreated hemp fibee random mat and
compares it to that of hybrid composites made with
vinyl ester (VE) resin reinforced with the same hemp
fiber mat. To our knowledge, the properties and per-
formance of this particular biocomposite have not been
characterized yet in literature. Mechanical properties
(tensile, flexural, Charpy impact and interlaminar
shear), dynamic mechanical properties (glass transition
temperature, storage modulus and crosslink density)
and water absorption properties (saturation moisture
level and diffusion coefficient) were investigated.

Liquid composite molding (LCM) techniques, such
as resin transfer molding (RTM) or vacuum infusion
(VI) seem to be a good choice for processing natural
fiber composites. They make it possible to obtain high
quality laminates, repeatability, high surface finish and
dimensional tolerances and because of the low process-
ing temperatures, fibers do not suffer thermo-
mechanical degradation as in some thermoplastic pro-
cessing techniques. In LCM techniques a catalyzed resin
is forced through a mold, which contains the dry
reinforcement. In RTM, the preform (a stack of several
layers of the fabric used as reinforcement) is compacted
between two rigid mold faces. In VI a flexible vacuum
bag is used as the upper part of the mold. In this work,
VI was used to manufacture the biocomposite panels
due to the lower tooling cost required. The main disad-
vantages of this technique are that it does not allow con-
stant thickness along the panel and high surface finish in
both sides of the part to be obtained.

Materials

AEHO as synthesized according to our previous publi-
cations and containing 4.1 acrylate and hydroxyl
groups per triglyceride was used as the base biore-
sin.’%?! AEHO was obtained by the acrylation of
the EHO obtained in previous works.”*** A solution
of EHO, hydroquinone inhibitor (0.0033gmL1 of
EHO + acrylic acid) and AMC-2 catalyst (1.75% by
weight of EHO + acrylic acid) were added to a Mettler
Toledo LabMax automatic reactor. The reactor com-
prised a 4-L four-necked reaction vessel equipped with
a mechanical ‘ship anchor’ stirrer and thermometer.
Stirring was initiated and the reactor temperature was
increased until the mixture reached 50°C. The mixture
was left at that temperature for 30 min and then the
acrylic acid (ACROS Organics) was added in a molar
ratio of 1.1 moles per mol of epoxy groups. The exo-
thermic reaction increased the temperature of the mix-
ture rapidly, thus the reactor was set to maintain a
constant temperature of 90°C. The reaction was then
performed at the mentioned temperature, stirring the
mixture at 160 r/min over a period of 12 h. The reaction
evolution was monitored by periodic titration of the
AHEO/acrylic acid mixture using sodium hydroxide
and phenolphthalein as an acid-base indicator. The
reaction was considered to be complete when no further
changes could be seen in the amount of sodium hydrox-
ide used to neutralize the resin. The expected chemical
structure of this resin is shown in Figure 1. FG viny-
lester SPV6003 (FGI Australia) was used as received
for the control samples. In the case of the AEHO bior-
esin, the added styrene comonomer was supplied by
Fischer Scientific (UK), the Promoter N2-51P was
sourced from Axon Nobel Ltd and a 40% MEKP
based catalyst was used for the curing and sourced
from FGI Australia. The Styrene comonomer, pro-
moter and catalyst were all used as received. Short
hemp fiber based random mat with a surface density
of approximately 730 g/m” was used as the natural fiber
reinforcement.

Experimental
Sample preparation

The viscosity of the bioresin after the acrylation process
was measured at room temperature (25°C) by means of
a Brookfield DV-II+ viscometer, obtaining a value of
20550 CP. This viscosity is too high for most composite
processing techniques. Therefore, 33wt% of styrene
was added to the bioresin to decrease its viscosity and
make it suitable for manufacturing composite parts by
the traditional composite processing techniques. The
viscosity after the styrene addition was 358 CP at
room temperature. Afterwards, the promoter was
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Figure 1. Chemical structure of the AEHO-based bioresin.
AEHO: acrylated epoxidized hemp oil.

incorporated to the AEHO/styrene mixture (0.25 wt%)
and thoroughly mixed. Subsequent to this the catalyst
was added (4 wt%) and stirred thoroughly for several
minutes. The resin was degassed under vacuum. For the
VE resin system no styrene was added as the system
already contains 33wt% of styrene. Regarding the
VE system, 0.25% and 2% promoter and catalyst
were used respectively. Neat bioresin and resin samples
were also produced by pouring into a waxed
glass mold.

Flat biocomposite panels were manufactured by the
vacuum infusion technique utilizing two layers of hemp
mat reinforcement. These mats were washed with a 2%
V/V distilled water and detergent solution to remove
contaminants, and then dried at 90°C for 24h. The
manufacture of the composite panels was performed
immediately after removing the fiber from the oven in
order to prevent moisture absorption and thereby min-
imize the amount of water present in the natural
reinforcement which could lead to void formation and
lower mechanical properties of the composites. Both
the catalyst and promoter were added to the resin
and mixed thoroughly, the mixed resin was degassed
and the resin was infused at a vacuum level of 90 kPa.
A glass surface was used as the rigid mold face which
was thoroughly waxed before every infusion. The flow
front was found to be linear with no race tracking, dry
spots or fiber washing observed. After the complete
impregnation of the reinforcement, the inlet hose was
clamped and the resin pressure distribution along the
wetted perform was left to stabilize for 2 h. This method

CH,

Figure 2. AEHO-based hemp fiber biocomposite undergoing
vacuum infusion.
AEHO: acrylated epoxidized hemp oil.

helps to remove excess resin and decrease the thickness
variations  throughout the composite plate.**
Afterwards the outlet hose was clamped and the com-
posite panel was left to cure under vacuum for 24 h at
room temperature (~25°C). A 4h postcuring stage was
performed at 80°C for the VE and at 120°C for the
bioresin composites respectively to achieve maximum
conversion. Figure 2 shows a picture of the biocompo-
site panel during the infusion.

Although this processing technique does not allow a
constant thickness throughout the entire composite
plate to be obtained, thickness ranged from 4 to
Smm, resulting in a fiber volume fraction distribution
between 20% and 25%, calculated from equation (1),
where 7 is the number of reinforcement layers stacked
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in the preform, B the surface density (g/cm?), p the fiber
density (g/cm®) and 7 is the preform compressed thick-
ness (or mold cavity thickness) (cm). The cured com-
posite panel thickness was used as the preform
compressed thickness and it was taken from an average
of several measurements throughout the panel. The
fiber density was considered to be 1.4 g/cm’, which is
an average of the values found in literature (1.25-1.5g/
ecm®).>>?7 Samples for the mechanical characterization
were cut from the manufactured composite plates, dried
at 80°C for 4h to ensure the removal of any induced
moisture and then cooled in a desiccator ready for test-
ing. In addition, neat resin samples were produced by
pouring the catalyzed resin into a waxed mold, cured as
the composite panels and finally cut to size.
n-pB

Fiber Volume Fraction = 7 (1)
p .

Scanning electron microscopy

Cross section morphologies of the biocomposite sam-
ples were investigated with a JEOL JSM 6460 LV scan-
ning electron microscope (SEM) at National University
of Mar Del Plata, Argentina (UNMGAP). The fractured
surfaces were coated with gold and the samples were
scanned at room temperature with an accelerating volt-
age of 15kV.

Mechanical testing

Interlaminar shear strength (ILSS) testing was per-
formed to determine the fiber-matrix interfacial shear
strength. Testing was performed using ISO 14130 on a
MTS Alliance RT/10 10 kN machine with a crosshead
speed of 1 mm/min. Charpy impact tests were con-
ducted to determine the impact properties of the bio-
composite and hybrid composite samples. Impact
properties of the samples were determined using ISO
179 on an Instron Dynatup M14-5162. Charpy
impact strength (kJ/m?) was calculated from equation
(2), whereby a.y, h, b an Wy are the Charpy impact
strength, thickness, width and the energy at break of
the test specimen. Essentially Charpy impact strength
corresponds to the energy at break of the specimen
divided by the cross-sectional area.

Wy 3
v=—-x1 2
acy b/’l X 0 ( )

Flexural testing was conducted to determine the
behavior of both neat resin and composite specimens
subjected to 3-point simple beam loading. Bioresin and
VE flexural properties were obtained through 3-point
bending tests conducted in accordance with ISO 178

using a MTS Alliance RT/10 machine. A cross head
speed of 2mm/min and a span/depth ratio of 16:1 were
used with specimen dimensions being 80 x 10 x 5 mm?.
Biocomposite and hybrid composite flexural properties
were measured in accordance with ISO 14125. Tensile
tests were conducted in accordance with ISO 527. Tests
were performed with a cross-head speed of 2 mm/min
using a MTS Insight 100 kN machine. Specimen dimen-
sions were 250 x 25 x Smm°. Five specimens of each
sample type were used in each mechanical test.

Dynamic mechanical analysis

A calibrated TA Instruments Q800 DMA was used for
the dynamic mechanical analysis (DMA). Rectangular
specimens with the dimensions 58 x 10 x 5mm® were
tested in dual cantilever mode. Testing was performed
at a temperature ramp of 3°C/min over a temperature
range of approximately 25-180°C. A frequency of
1.0Hz with an oscillating displacement of +10um
was also used. Storage modulus (£') and tan § were
plotted as a function of temperature by Universal
Analysis 2000 version 3.9 A software. Glass transition
temperature (7,) was calculated as the peak of the tan §
curve and crosslink density (v,) was calculated from the
theory of rubber elasticity.?®

E =3v.RT (3)

where E', v,, R and T are the storage modulus in the
rubbery plateau region (7,4 40°C), crosslink density,
gas constant (8.314J/(K mol)) and the absolute tem-
perature in K, respectively.?’

Moisture absorption

Moisture absorption tests were performed in order to
establish the saturation moisture level and the diffusion
coefficient of the samples. Testing was performed in
accordance with ASTM D570. Specimens measured
76.2 x 25.4 x 5mm? for both neat resin and composite
samples. Three specimens of each sample type were
used. The specimens were cut to size and the edges
were finished with No. 0 sandpaper. After this the spe-
cimens were dried at 110°C for 1h, cooled in a desic-
cator and weighed to the nearest 0.001 g. The specimens
were immersed in distilled water at 234+ 1°C and
removed at regular intervals, wiped free of surface
moisture, immediately weighed to the nearest 0.001 g
and then replaced in the water. The following equation
was used to calculate the diffusion coefficient.

o
D= n( ; Mm)m )
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where D, h, M,, and m are diffusion coefficient, thick-
ness of specimen, saturation moisture level and gradient
of the linear region from the plot of weight gain against
square root of time, respectively.*

Results and discussion
SEM analysis

Figures 3 to 6 show SEM images of the fracture surface
of the samples used in the mechanical tests. 300 x mag-
nification was used to give a representative image of the
overall fiber-matrix behavior whereas 1000 x magnifi-
cation was used to more closely examine individual
fiber—matrix interface. It can be seen that fiber pullout

Figure 3. 300 x SEM image of hemp fiber/AEHO composite.
SEM: scanning electron microscopy; AEHO: acrylated epoxidized
hemp oil.

Figure 4. 300 x SEM image of hemp fiber/VE composite.
SEM: scanning electron microscopy; VE: vinyl ester.

is evident for all sample types. In addition, the gap
between the hemp fiber and the AHEO matrix is sig-
nificantly smaller to the gap observed between the
hemp fiber and the VE matrix. This observation sug-
gests that the samples manufactured with VE have the
poorest fiber—matrix interface, with the AEHO samples
displaying improved fiber-matrix adhesion. It is pro-
posed that the superior fiber—matrix interfacial adhe-
sion of the 100% AEHO-based samples is due to
surface chemical compatibility between the natural
fibers and the bioresin. It is theorized that the greater
quantity of hydroxyl groups present in the AEHO bior-
esin compared with the VE contributes to enhanced
fiber—matrix adhesion. These hydroxyl functional
groups present in the AEHO serve to interact with
the hydroxyl groups present in the cellulose of the

Figure 5. 1000 x SEM image of hemp fiber/AEHO composite.
SEM: scanning electron microscopy; AEHO: acrylated epoxidized
hemp oil.

Figure 6. 1000 x SEM image of hemp fiber/VE composite.
SEM: scanning electron microscopy; VE: vinyl ester.
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natural fibers to form strong hydrogen bonds thereby
improving adhesion.

Mechanical properties

The interlaminar shear strength of reinforced plastics
depends on the fiber—matrix adhesion, resin strength
and moisture and void content in the composite.®’ >
This property has a strong influence on the structural
performance of composites, since their strength it is
strongly influenced by factors weakening the interface.
Petker reported that the ILSS increases with the
increase in the matrix strength up to certain point
whereby the influence of voids becomes increasingly
important in the failure mechanism and the ILSS
becomes constant despite further increases in resin
strength.®

From Figure 7 it is apparent that the interlaminar
shear strength of the AEHO/Hemp fiber biocomposites
was 47% higher to that of the VE/hemp fiber hybrid
composites. During processing, styrene can form bub-
bles under high vacuum conditions due to its low vapor
pressure, and these bubbles can sometimes be trapped
in the fabric and remain as voids after the resin cures.
However, the same fiber mat and processing conditions
were used in the manufacture of the composite panels
and the styrene content in the VE resin was the same as
in the AEHO. For this reason, void content was almost
identical in both composites, and no significant differ-
ences in voids size and concentration were observed by
SEM among all the samples.

Therefore, the ILSS results suggest that the hemp
fiberrAEHO matrix interface is stronger than the
hemp fiber—VE interface, since the strength of the VE
resin is superior to that of the bioresin. These observa-
tions are in accordance to the SEM images showed

Apparent interlaminar shear
strength (MPa)
=Y

previously. As stated before, the higher amount of
hydroxyl groups present on the AEHO resin compared
with the VE resin could be the reason for the better
adhesion between fibers and resin in the biocomposites,
since those functional groups interact with the hydroxyl
groups present in the cellulose of the natural fibers to
form strong hydrogen bonds.

The flexural strength of the samples is shown in
Figure 8. VE resin flexural strength was found to be
higher than that of the AEHO bioresin. No significant
differences could be seen in the value of this property
between the biocomposites and the hybrid composites.
This is because while the biocomposite was 40% stron-
ger than the bioresin, the strength of the hybrid com-
posite was found to be 40% lower than that of the neat
VE resin. This behavior was unexpected, since the ten-
sile strength of hemp fibers (between 310 and
900 MPa)*”*® is higher than the strength of the VE
resin (86 MPa according to the supplier).

It is theorized that the decrease in flexural strength in
this case may be caused by the weak fiber—matrix inter-
facial adhesion present in the hybrid composites, as
observed in the SEM images and the ILSS results.
Since the bonding between fibers and matrix is low,
the load is not transferred properly from the resin to
the fibers and therefore most of the load is withstood
by the resin itself. In addition, the empty space between
the fibers and the matrix act as flaws in the resin, and
they initiate cracks at stresses lower than that of the
resin failure stress. Conversely, the biocomposites
showed a higher flexural strength than the neat bioresin
because the strength of this resin is relatively low and
the interface with the hemp fibers is stronger than in the
case of the hybrid composites.

It is difficult to compare the values of flexural
strength and modulus obtained in this work to those

VE + HF

AEHO + HF

Sample type

Figure 7. Interlaminar shear strength properties of AEHO-based hemp fiber biocomposite.

AEHO: acrylated epoxidized hemp ail.
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obtained by other researchers, since the reinforcement
architecture, fiber volume fraction, manufacturing
method and fiber and resin type are different.
However, other researchers found the same decrease
in the flexural properties of petrochemical matrices
when natural fibers were added and hybrid composites
were made. Wu et al.® reported that the flexural
strength of PBT/Sisal composites decreased as the
sisal content was increased, and attributed this behav-
ior to the poor dispersion and compatibility between
the fibers and the polymer. After grafting the PBT
with acrylic acid, the authors reported that compatibil-
ity was improved and the flexural strength of the com-
posites increased with the fiber volume fraction.
Figure 9 shows the flexural modulus of AEHO and
VE resins as well as that of the biocomposites.

B Biocomposite

100 -
90 -
80 -
70 -
60 -
50 -

30 -
20 -
10 -

Peak flexural stress (MPa)

As expected, this property was found to be three
times higher in the VE resin than in the bioresin
sample. Accordingly this is due to the lower crosslink
density and the long fatty acid chains of the AEHO.
Considering the results found for the biocomposites, it
can be seen that the addition of the hemp fiber mat
improved the flexural modulus found for the matrices
by 26% and 207% on VE and AEHO resins respect-
ively. As a result, the biocomposite flexural modulus
was just 23% lower than that of the hybrid composite.

Despite the flexural strength and elastic modulus of
the VE resin being higher than the AEHO bioresin, no
significant differences could be seen in the tensile behav-
ior of the biocomposites and the hybrid composites, as
shown in Figure 10. Although the mean values of ten-
sile strength and tensile modulus are 5% lower for the

= Neat Resin

AEHO

Sample type

Figure 8. Peak flexural strength of AEHO-based bioresin and biocomposite samples.

AEHO: acrylated epoxidized hemp oil.

HE Biocomposite
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=
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w

[=]
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[=]
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2500 -
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AEHO

Sample type

Figure 9. Flexural modulus of AEHO-based bioresin and biocomposite samples.

AEHO: acrylated epoxidized hemp oil.
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Figure 10. Tensile properties of AEHO-based biocomposite samples.

AEHO: acrylated epoxidized hemp oil.

biocomposite, this difference falls within the error bars,
thus no statement can be made regarding which sample
type performs better in tensile behavior. The low com-
patibility of the hemp fibers with the VE resin is
believed to be responsible for the low mechanical prop-
erties found in the hybrid composites, as seen
previously in the flexural testing results. This incom-
patibility results in poor fiber/matrix adhesion, which
means low load transfer from the matrix to the fibers
and the presence of flaws (empty space between fiber
and resin, as seen in the SEM images). Therefore this
composite is essentially behaving like a flawed VE resin.
On the other hand, the addition of hemp fiber
reinforcement improves the properties of the bioresin,
because these biocomposites present stronger fiber—
matrix interfaces, as shown in the ILSS tests and
SEM images. Consequently, the tensile behavior of
hybrid composites and 100% hemp-based biocompo-
sites is similar.

The values of tensile strength and modulus obtained
in this work for VE and AEHO/hemp fiber mat com-
posites are similar to those obtained by Mehta et al.*
for polyester resin/hemp fiber mat (30 vol.%) compres-
sion molded hybrid composites. The authors could
improve these properties significantly by performing
different treatments on the hemp mat (alkali, silane,
UPE-MEKP, and acrylonitrile) showing the import-
ance of treating natural fiber reinforcements to obtain
good mechanical performance on the hybrid compos-
ites. In addition, compression molded hybrid compos-
ites obtained by Mokhothu et al.*' and Wu et al.,*”
showed lower tensile properties than those of the
neat resin.

Overall, mechanical properties found in this work
for the hemp/VE hybrid composites are in accordance

to those reported by Ichhaporia®* for composite
materials made of the same matrix and fiber type.
The author characterized the properties in two direc-
tions since he used an orthotropic fabric, and reported
the results for different web weights and needling
punching passes. He found the flexural peak stress
to be in the range 30-60 MPa and the tensile strength
to be in the range 20-40 MPa, depending on the pre-
viously mentioned variables. Kim et al.** also studied
the tensile properties of hemp/VE composites manu-
factured by the sheet molding compound technique.
He found the elastic modulus to be similar to the
one found in this work (3.1 GPa) but the tensile
strength of the composites reported by the author
was close to 100 MPa, which is four times higher
than the one obtained in this work.

As with all mechanical properties, the impact
strength of composite materials is dependent upon
the properties of matrix and fibers as well as the prop-
erties of the interface between them. Usually, strong
interfaces decrease the impact strength of composites
since energy-consumption mechanisms such as fiber
pull out are inhibited and the fracture occurs in a
brittle manner. In a previous investigation,** the
Charpy impact strength for different synthetic epoxy/
bioresin (based on EHO and ESO) blends was studied.
It was found that this property increased with
increased bioresin concentration, which was attributed
to the long fatty acid chains of the epoxidized vege-
table oils imparting flexibility to the matrix thereby
increasing the energy required to break the biocompo-
site samples. For this reason, the impact strength of
the VE resin is expected to be lower than that of the
AEHO-based bioresin, since the former is much less
flexible, as shown in Figure 9. In contrast, it was
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Figure 11. Charpy impact strength of AEHO-based biocomposite samples.
AEHO: acrylated epoxidized hemp oil.
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Figure 12. Storage modulus of AEHO-based bioresins and biocomposites. VE 4 HF (¢), AEHO + HF (m), VE (A) and AEHO (x).
VE: vinyl ester; HF: hemp fiber; AEHO: acrylated epoxidized hemp oil.

apparent in all of the results presented previously in
this work (ILSS, tensile, flexural and SEM images)
than the interface between the hemp fibers and the
bioresin is stronger than the interface with the VE

resin. These two opposite effects are theorized as
being responsible for the impact properties of hybrid
composites to be practically the same as in the 100%
biocomposites (Figure 11).

Downloaded from jem.sagepub.com at CONICET on December 2, 2014


http://jcm.sagepub.com/

1332

Journal of Composite Materials 48(11)

14 T T T T

0.8

Tan §

0.4

0.2

0 | 1 | 1

1 i ¥ . e}

0 20 40 60 80

100 120 140 160 180

Temperature (°C)

Figure 13. Tan 6 of AEHO-based bioresins and biocomposites. VE + HF (o), AEHO + HF (m), VE (A) and AEHO (x).
VE: vinyl ester; HF: hemp fiber; AEHO: acrylated epoxidized hemp oil.

Dynamic mechanical properties

DMA was performed on bioresin and biocomposite
samples in order to characterize the viscoelastic behav-
ior of both VE- and AEHO-based neat bioresins and
biocomposites. Figures 12 and 13 show the storage
modulus plotted against temperature for the different
bioresin and biocomposite samples. Table 1 summar-
izes the storage modulus at 40°C, T, and crosslink
density for both bioresin and biocomposite samples.
As expected VE-based samples displayed higher stor-
age modulus, T, and crosslink density compared to
AEHO-based samples. Fiber reinforcement served to
increase storage modulus, 7, and crosslink density for
both sample types. Specifically, the addition of hemp
fiber reinforcement resulted in an improvement in
storage modulus by factors of approximately 1.37
and 2.34 for the VE and AEHO samples, respectively.
From examining Figure 13 it can be seen that
the biocomposite samples have a less broad profile
than those of the neat resin samples. Crosslink density
was found to dramatically increase by factors of

Table I. Dynamical mechanical properties of AEHO-based
bioresins and biocomposites.

Storage Crosslink
modulus at density
Sample type 40°C (MPa) T, (°C) (mol/m®)
Neat bioresin
VE 1757 102 6654
AEHO 519 68 4301
Biocomposite
VE + HF 2409 121 23,189
AEHO + HF 1216 87 22,885

VE: vinyl ester; HF: hemp fiber; AEHO: acrylated epoxidized hemp oil.

approximately 3.5 and 5.3 for the VE and AEHO
samples, respectively.

Moisture absorption

Figure 14 displays the moisture absorption behavior
for both VE and AEHO neat resin and hemp fiber
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Figure 14. Water absorption properties of AEHO-based bioresins and biocomposites. VE + HF (o), AEHO + HF (m), VE (A) and

AEHO (x).

Table 2. Water absorption properties of AEHO-based biore-
sins and biocomposites. VE + HF (e), AEHO + HF (m), VE (A)
and AEHO (x).

Diffusion Saturation
coefficientx 107¢ moisture
Sample type (mm?/s) content (%)
Bioresin samples
VE 0.801 0.52
AEHO 0.958 0.80
Jute fiber samples
VE 9.14 5.35
AEHO 9.68 6.35

VE: vinyl ester; HF: hemp fiber; AEHO: acrylated epoxidized hemp oil.

reinforced samples. Table 2 summarizes the diffusion
coefficients and the saturation moisture content. It
can be seen from the moisture absorption results that
both the neat resin and biocomposite samples behaved
consistent with a linear Fickian manner. After a rapid

moisture absorption phase the samples began to slow in
absorption until equilibrium was reached. The trans-
port mechanism was found to be heavily dominated
by the fiber reinforcement. This is apparent from both
Figure 14 and Table 2 whereby it can be seen that the
both the diffusion coefficient and saturation moisture
content are markedly higher for the biocomposite sam-
ples compared with those of the neat resin.

Conclusions

In this work, the mechanical performance (tensile, flex-
ural, ILSS and impact) and the water absorption prop-
erties of 100% hemp-based biocomposite panels were
investigated and compared to those of a VE hybrid
composite. The test samples were cut from panels man-
ufactured by the vacuum infusion technique, using a
hemp fiber mat as reinforcement and two different
matrices: a commercial VE resin and an AEHO-based
bioresin synthesized in our laboratories.

Downloaded from jem.sagepub.com at CONICET on December 2, 2014


http://jcm.sagepub.com/

1334

Journal of Composite Materials 48(11)

Results showed that, except for the flexural modulus
which was 23% higher in the case of the hybrid com-
posite, no significant differences exist in the mechanical
performance of both tested materials. The higher fiber/
matrix compatibility of the biocomposites led to stron-
ger fiber—matrix interfaces compensating the lower
mechanical performance of the neat bioresin with
respect to the VE. Therefore both biocomposites and
hybrid composite showed to have practically the same
flexural and tensile properties. Exactly the opposite
happened in the impact tests, where the higher impact
strength of the bioresin combined with the stronger
fiber/matrix adhesion led to a composite material with
similar impact strength than the one made with the VE
resin, which has lower impact strength than the
bioresin.

Moisture absorption tests showed that AEHO-based
samples displayed both higher diffusion coefficient and
saturation moisture content; however, fiber reinforce-
ment was the dominant transfer mechanism. VE-based
samples were found to display higher dynamical mech-
anical properties compared with AEHO-based samples.
Storage modulus and crosslink density were found to
drastically increase with the addition of hemp fiber
reinforcement and as expected, T, was also found to
increase although to a lesser extent than the other
properties.

This work showed that if no chemical treatments are
performed on natural reinforcements, plant oil based
bioresins (particularly if produced from the same
source as the fiber reinforcement) should be used
instead of petrochemical resins since the final properties
are very similar in both type of composites, and the
environmental impact would be reduced. As a future
work, the effect of different fiber treatments on 100%
biocomposites and hybrid composites is to be studied,
to investigate the maximum mechanical properties that
can be obtained in each case and see if the use of a
petrochemical matrix is justified.
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