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Abstract

Novel epoxidized hemp oil-based biocomposites containing jute fibre reinforcement were produced at the Centre of
Excellence in Engineered Fibre Composites (CEEFC) owing to the need to develop new types of biobased materials.
Mechanical properties (tensile, flexural, Charpy impact and interlaminar shear), thermo-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 containing commercially produced epox-
idized soybean oil and a synthetic bisphenol A diglycidyl ether-based epoxy control, R246TX cured with a blend of
triethylenetetramine and isophorone diamine. Scanning electron microscopy was also performed to investigate the fibre—
matrix interface. Epoxidized hemp oil-based samples were found to have marginally superior mechanical, dynamic
mechanical and similar water-absorption properties in comparison to samples made with epoxidized soybean oil bioresin;
however, both sample types were limited to bioresin concentrations below 30%. Synthetic epoxy-based samples exhib-
ited the highest mechanical, dynamic mechanical and lowest water-absorption properties of all investigated samples. This
study has also determined that epoxidized hemp oil-based bioresins when applied to jute fibre-reinforced biocomposites
can compete with commercially produced epoxidized soybean oil in biocomposite applications.
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the carbon footprint of the end composite from the
growing of the plants and enhanced energy recovery
Increased environmental awareness and focus on sus-  at the end of their life cycle.” The main negative aspects
tainability within the fibre composite industry has associated with plant-based natural fibres are their
advanced the development of novel biobased materials.
As a result of this, research is being conducted on bio-
composites comprising plant oil-based bioresins rein-
forced with natural fibres or petrochemical-based 'Centre of Excellence in Engineered Fibre Composites (CEEFC), Faculty
resins reinforced with plant-based natural fibres. of Engineering and Surveying, University of Southern Queensland,
Plant-based natural fibres classified as leaf, bast, fruit, I°°W°°"7ba‘ Queensland, Australia , o

. . Composite Materials Group, Research Institute of Material Science and
seed, wood, cereal, straw and grass fibres are prlmarlll}zl Technology (INTEMA-CONICET), Materials Engineering Department,
used as the reinforcement phase in biocompOSiteS' ’ Engineering Faculty, National University of Mar del Plata, Mar del Plata,
Natural fibres provide several key advantages Argentina
compared with synthetic fibres that justify their use in
certain biocomposite applications. They are inexpen- _ _ _
. o . Nathan W Manthey, Centre of Excellence in Engineered Fibre
sive, easy to process, renewable and exhibit high Composites (CEEFC), Faculty of Engineering and Surveying, University

SpeCiﬁC znzaterial properties with end of life CyCIe recyc- of Southern Queensland, Toowoomba, Queensland 4350, Australia.
lability.” ™ Plant-based natural fibres also help reduce  Email: nathan.manthey@usq.edu.au
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Table I. Mechanical properties of natural fibres compared with E-glass.”®

Specific Tensile Young’s Specific Specific
Fibre gravity strength (MPa) modulus (GPa) strength (MPa) modulus (GPa)
Sisal 1.20 600-700 38 500-583 32
Flax 1.20 800-1500 60-80 667-1250 50-67
Jute |.46 600-1100 10-30 411-753 7-21
Hemp I.14 550-900 50-70 482-790 44-62
E-glass 2.60 2000-3400 75 1308 29

hydrophilic nature, low adhesion with polymer matri-
ces, low thermal resistance and variable properties due
to differing growing and processing conditions.>® In
terms of specific properties, plant-based natural fibres
compare favourably with E-glass (Table 1). Due to
availability, this study uses jute fibre as the natural
fibre reinforcement.

Although using natural fibres indeed enhances the
composites ‘green’ factor, it is imperative that the poly-
mer matrix or a high proportion of it also be of bio-
logical origin to move closer to the goal of true 100%
biocomposites. One potential way that this can be rea-
lized is through the use of plant- or plant oil-based
bioresins. Bioresins, in particular plant- or vegetable
oil-based bioresins, offer a potential alternative to pet-
rochemical-based resins as the required feedstocks are
readily available in most parts of the world.” Vegetable
oil feedstocks are converted into epoxidized vegetable
oil (EVO)-based bioresins through the process of epox-
idation. An extensive collection of research involving
EVO in terms of synthesis, characterisation and in bio-
composite applications has been conducted by many
authors.>® % This research encompasses numerous dif-
ferent vegetable oil feedstocks with the main focus
being on soybean, canola and linseed oils. These three
oils are also used in food production, which may pose
ethical issues. Therefore, to alleviate this conflict of
interest, it is important to focus on using fast-growing,
non-food oil crops for use as bioresin feedstocks. Due
to the numerous diverse fatty acid profiles of different
types of non-food vegetable oils, different oil options
exist. One such identified type of oil that has shown
initial promise is hemp oil.

The Centre of Excellence in Engineered Fibre
Composites (CEEFC) is conducting research into the
development of novel hemp oil-based bioresins, such as
epoxidized hemp oil (EHO) and acrylated epoxidized
hemp oil for biocomposite applications.*'** Hemp oil
is widely considered a by-product of hemp fibre pro-
duction, with its main uses being in livestock food and
pharmaceutical applications. Due to its unique fatty
acid profile, high in both linoleic and linolenic acid,

hemp oil shows considerable potential as a bioresin
feedstock.

In this article, the effect of EHO concentration on
the dynamic mechanical behaviour, flexural properties
and moisture-absorption of EHO-based bioresin epoxy
blends is reported. Comparisons with commercial epox-
idized soybean oil (ESO)-based bioresin epoxy blends
and a control synthetic epoxy resin are also discussed.
EHO-based bioresin epoxy blends applied to jute fibre-
based biocomposites are also presented and compared
in terms of mechanical properties (tensile, flexural,
Charpy impact and interlaminar shear), thermo-
mechanical properties (glass transition temperature,
storage modulus and crosslink density) and moisture-
absorption properties (saturation moisture level and
diffusion coefficient) with biocomposite samples pre-
pared using commercially available ESO-based biore-
sins. Scanning electron microscopy (SEM) was also
performed to investigate the fibre—matrix interface.
A major motivation for this study is the potential
advantage of matching bioresin with natural fibres, as
the greater hydrophilic nature of a bioresin versus syn-
thetic epoxy is expected to be more compatible with
natural fibres.

Materials

Cold-pressed raw industrial hemp oil supplied by
Ecofibre (Maleny, Queensland, Australia) with a fatty
acid profile from the supplier’s specification sheet con-
sisting of the following acids: palmitic, 6.0%; stearic,
2.0%; oleic, 12.0%; linoleic, 57.0%; linolenic, 20.7%;
other, 2.3%, was used for the synthesis of EHO. The
provided hemp oil has an iodine number of 165 (g I/
100 g oil) and saponification value of 193. Analytical
grade glacial acetic acid and hydrogen peroxide with
minimum concentrations of 99.7% and 30%, respect-
ively, were used as received from LabServ (Biolab,
Australia). Amberlite IR-120 was used as received
from Fluka (Sigma-Aldrich, Australia) and was of the
ionic H* form. A Mettler Toledo LabMax automatic
reactor with a 4 | four-necked reaction vessel equipped
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with a mechanical ‘anchor’ stirrer and thermometer was
used for the epoxidation procedure. ESO, oxirane
oxygen content 6.8% was used as supplied from
Hallstar. Woven jute fibre, 90°/0°, 550 g/m>, was used
as natural fibre reinforcement. No chemical treatments
were performed on the fibre. Kinetix R246TX bisphe-
nol A diglycidyl ether-based epoxy resin, EEW ~ 195,
isophorone diamine, AHEW =& 42.6, supplied from
ATL composites (Southport, Queensland, Australia)
and triethylenetetramine, AHEW =~ 24 (Figure 1),
from Huntsman were used as supplied.

Experimental
In situ epoxidation of hemp oil

EHO was synthesized through the epoxidation of cold-
pressed raw industrial hemp oil (156.25g, 1mol) by
peroxyacetic acid, formed in situ by the reaction of
aqueous hydrogen peroxide (113.4g, 1 mol) and acetic
acid (40.04 g, 0.67 mol) in the presence of an acidic ion
exchange resin, Amberlite IR-120 H" (15% by weight
of hemp oil) as the catalyst, as shown in Figure 2. The
constituents were added to a four-necked reaction
vessel equipped with a mechanical stirrer and a therm-
ometer. Stirring was initiated and the reactor tempera-
ture was increased until the mixture reached 40°C,
whereby dropwise addition of hydrogen peroxide was
performed over a period of 1 h. Temperature and stir-
ring speed were then increased to operational values of
75°C and 110r/min, respectively. These parameters
were maintained for a period of 7h.

On completion of the reaction, the catalyst was fil-
tered off and the reactor contents were cleaned in a
separation funnel by washing thrice with distilled
water (cool (~20°C), hot (~85°C), cool (~20°C)) to
remove the aqueous phase. Next, the resin was centri-
fuged and aerated to remove any remaining water. The
resin was further dried through the addition of anhyd-
rous sodium sulphate in the proportion of 15wt% of
resin. The water content after drying using a Sartorius
MA-50 moisture analyzer was found to be less than
0.3%. Following the addition of anhydrous sodium sul-
phate, the resin was placed in an oven at 70 C for 12h
and subsequently filtered through Whatman No. 4 filter
paper. Oxirane oxygen content was 8.3%, as deter-
mined by the direct titration method with hydrobromic
acid solution in acetic acid as per earlier studies.** ¢
The yield of EHO bioresin recovered after washing and
separation from the catalyst and reactants was approxi-
mately 75% by volume in relation to the initial volume
of hemp oil. Inevitably, some bioresin was lost during
this process of washing and purification. The synthe-
sized EHO has a viscosity of 845 cP compared with the

H5N NH
BN g \/\NHZ
Triethylenetetramine (TETA)

NH,

HaC
HaC

CHg
CH,NH,

Isophorone Diamine (IPD)

Figure 1. Molecular structures of triethylenetetramine (TETA)
and isophorone diamine (IPD).
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Figure 2. In situ epoxidation of hemp oil.

commercial ESO, which was 340 cP. Viscosities were
measured at 25°C.

Specimen preparation

EHO- and ESO-based bioresin epoxy blends were pre-
pared by mixing EHO or ESO with a base synthetic
epoxy resin, R246TX. The bioresin blends chosen for
this study were based on the following weight ratios
0/100%, 10/90%, 20/80%, 30/70% and 40/60%
(EHO/R246TX and ESO/R246TX). To produce the
bioresin samples, the bioresin blend and hardener
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were thoroughly mixed, degassed, poured into a waxed
mould, cured as outlined below and finally cut to size.
Hardener content was adjusted over the range of sam-
ples to account for epoxy content so as to ensure
consistency.

Flat biocomposite panels were manufactured using
the hand lay up process. The lay up consisted of four
layers of woven jute mat reinforcement. The fibre was
washed with warm water to remove any dust particles
and other such contaminants, dried for 12h at 110°C
and finally cut to size. No chemical treatments were
performed on the fibre. The manufacture of the com-
posite panels was performed immediately upon remov-
ing the fibre from the oven to prevent atmospheric
moisture absorption, which could impinge upon the
final composite’s mechanical properties. Control sam-
ples (0/100%) were prepared using synthetic epoxy,
R246TX and jute fibre. Manufactured panels measured
300 x 300 x Smm with a fibre weight percentage of
approximately 20%. A flat metal plate was placed on
top of the composite sample to improve the surface
finish and to ensure a consistent thickness.

Initial curing for both bioresin and biocomposite
samples was performed at room temperature (~25°C)
for 4h followed by post-curing at 120°C for a further
4h. Following this, the samples were then removed
from the mould, cut to size, dried at 80°C for 4h to
ensure the removal of any induced moisture and then
cooled in a desiccator ready for testing. An exception to
this process was that the water absorption samples were
further dried at 110°C for 1 h and cooled in a desiccator
as per ASTM D570.

Scanning electron microscopy

Cross-section morphologies of the biocomposite sam-
ples were investigated using SEM (JEOL JSM 6460 LV
scanning electron microscope, 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
voltage of 15kV.

Mechanical testing

Interlaminar shear strength (ILSS) testing was per-
formed to determine the effects of bioresin concentra-
tion on the fibre-matrix interfacial shear strength.
Testing was performed using ISO 14130 on a MTS
Alliance RT/10 10kN machine with a crosshead
speed of 1 mm/min.

Charpy impact tests were conducted to determine
the effects of bioresin concentration on the impact
properties of the biocomposites. 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 (1), whereby
a.y, h, b and Wy are the Charpy impact strength, thick-
ness, width and the energy at break of the test speci-
men. Essentially, this corresponds to the energy at
break of the specimen divided by the cross-sectional
area

W
aey == % 10 (1

Flexural testing was conducted to determine the
behaviour of both bioresin and biocomposite specimens
subjected to three-point simple beam loading. Bioresin
flexural properties were obtained through three-
point bending tests conducted in accordance with ISO
178 using a MTS Alliance RT/10 machine. A crosshead
speed of 2mm/min and a span:depth ratio of 16:1 were
used with specimen dimensions being 80 x 10 x 4 mm.
Biocomposite flexural properties were measured in
accordance with ISO 14125. Tensile tests were con-
ducted in accordance with ISO 527. Tests were per-
formed with a crosshead speed of 2mm/min using a
MTS Insight 100 kN machine. Specimen dimensions
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 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 =+ 10 pm
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 (equation (2)),*” where E', v,,
R and T are the storage modulus in the rubbery plateau
region (71, + 40°C), crosslink density, gas constant
(8.314J/(K-mol)) and the absolute temperature in
K, respectively.*®

E =3v.RT 2)

Moisture absorption

Moisture absorption tests were performed in order to
ascertain the saturation moisture level and the diffusion
coefficient of the bioresin and biocomposite samples.

Downloaded from jrp.sagepub.com at MINCYT on July 10, 2013


http://jrp.sagepub.com/

Manthey et al.

Specifically the effects of bioresin loading on the mois-
ture absorption were of interest. Testing was performed
in accordance with ASTM D570 with three specimens of
each sample type being used. Specimens measured
76.2 x 25.4 x 5mm for both neat resin and jute fibre
biocomposite samples. The specimens were cut to size
and the edges were finished with No. 0 sandpaper. After
this, the specimens were dried at 110°C for 1 h, cooled in
a desiccator and weighed to the nearest 0.001 g. The spe-
cimens were immersed in distilled water at 23 + 1°C and
removed at regular intervals, wiped free of surface mois-
ture, immediately weighed to the nearest 0.001 g and
then replaced in the water. Equation 3 was used to cal-
culate the diffusion coefficient, where D, i, M,,, and m are
diffusion coefficient, thickness of specimen, saturation
moisture level and gradient of the linear region from
the plot of weight gain against square time**

D= n<4]‘hdm>m2 3)

Results and discussion
SEM analysis

In fibre composites, effective wetting and compatibility
between the fibre reinforcement and the polymer matrix
is paramount in obtaining satisfactory fibre-matrix
adhesion and ultimately acceptable end state composite
properties. The fracture surfaces of the synthetic epoxy,
EHO- and ESO-based jute fibre-reinforced samples
were examined by SEM to evaluate the degree of
fibre-matrix adhesion; 300 x magnification was used
to give a representative image of the overall fibre—
matrix behaviour, whereas 1000 x magnification was
used to more closely examine individual fibre-matrix
behaviour. Figures 3-8 display the fibre—matrix inter-
face for the synthetic epoxy, EHO- (20/80%) and
ESO- (20/80%) based samples. It can be seen that
fibre pullout is apparent for all sample types and is
visible at 300 x magnification. Also apparent is the
fibre—matrix interface and the presence of some gaps
between the fibre and the matrix. Indeed this fibre—
matrix interface condition was anticipated to a certain
degree as no chemical treatment was performed on the
jute fibre reinforcement. Consequently the conclusions
drawn as a result of these findings are reduced fibre—
matrix interfacial adhesion with increased EVO content
and indicated incompatibility between natural fibre and
high concentration EVO/epoxy blends.

Mechanical properties

Samples containing EHO and ESO with jute fibres
showed a reduction in ILSS with increasing bioresin

Figure 3. SEM micrograph of synthetic epoxy reinforced jute
fibre biocomposite (300x).

Figure 4. SEM micrograph of synthetic epoxy reinforced jute
fibre biocomposite (1000x).

Figure 5. SEM micrograph of EHO synthetic epoxy (20/80%)
reinforced jute fibre biocomposite (300x).
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Figure 6. SEM micrograph of EHO/synthetic epoxy (20/80%)
reinforced jute fibre biocomposite (1000x)
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I

Figure 7. SEM micrograph of ESO/ synthetic epoxy (20/80%)
reinforced jute fibre biocomposite (300x).

X1, 886 L&

Figure 8. SEM micrograph of ESO/synthetic epoxy (20/80%)
reinforced jute fibre biocomposite (1000x).

Table 2. Charpy impact and interlaminar shear strength
properties of EHO- and ESO jute fibre-based biocomposites.

Interlaminar
Charpy impact shear strength

Bioresin strength (KkJ/m?) (MPa)
R246TX 10.7+ 1.9 4.3+0.9
ESO 10-90 124+2.5 34+04
ESO 20-80 13.6+3.9 26+03
ESO 30-70 14.0+3.2 -

ESO 40-60 18.0+6.8 -

EHO 10-90 10.8+0.3 4.1£0.5
EHO 20-80 I1.1+0.9 27+04
EHO 30-70 13.2+1.2 -

EHO 40-60 17.0+6.9 -

EHO: epoxidized hemp oil; ESO: epoxidized soybean oil.

Table 3. Flexural properties of EHO- and ESO-based bioresin/
epoxy blend samples.

Flexural Flexural
Bioresin strength (MPa) modulus (MPa)
R246TX 108.3 £2.9 2359 + 46
ESO 10-90 795+2.6 1905 +24
ESO 20-80 747 +7.6 1895+ 36
ESO 30-70 61.1+4.9 1490 + 67
ESO 40-60 3.8+0.2 161+ 12
EHO 10-90 105.1 £9.3 2303 +77
EHO 20-80 839424 19351+ 44
EHO 30-70 67.31+0.5 1701 47
EHO 40-60 6.1+18 311 £33

EHO: epoxidized hemp oil; ESO: epoxidized soybean oil.

content (Table 2). Maximum ILSS occurred with the
synthetic epoxy with EHO samples displaying slightly
higher ILSS than ESO samples throughout the data
range. Due to poor ILSS and therefore compromised
results, samples after 20% bioresin concentration were
not included in the results. The addition of EVO-based
bioresin appears to have negative effects on ILSS, indi-
cating reduced fibre—matrix adhesion. A discernible
reduction in performance was apparent subsequent to
20% bioresin concentration for both bioresins. These
findings indicate that increasing bioresin concentration,
especially concentrations above 20%, has negative
effects on ILSS.

The fibre—matrix adhesion was found to be lower
when the bioresin content was increased, as shown by
the ILSS results and reinforced by the SEM images. It
is well known that the properties of composite materials
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Table 4. Flexural and tensile properties of EHO- and ESO jute fibre-based biocomposites.

Bioresin Flexural strength (MPa) Flexural modulus (MPa) Tensile strength (MPa) Young’s modulus (MPa)
R246TX 66.31+0.8 3129 £ 117 425+2.1 4883 + 142

ESO 10-90 58.3+89 2769 + 122 435+1.8 3890 £207

ESO 20-80 534432 2358+ 105 308=£1.5 3334+£62

ESO 30-70 340+26 1781 £ 102 209427 2253 +43

ESO 40-60 125£1.5 689 £ 52 10.5+0.4 1104 +77

EHO 10-90 63.7+25 3012 £ 169 43.7+33 3956 £38

EHO 20-80 583+27 2924+ 132 382+44 3470 +£273

EHO 30-70 49.0+3.9 2475+ 166 342+08 3286 +22

EHO 40-60 145+ 1.7 864+75 13.7£0.5 1284 + 65

EHO: epoxidized hemp oil; ESO: epoxidized soybean oil.

are dependent upon the properties of the reinforcement,
the properties of the matrix and the characteristics of
the matrix/reinforcement interface. Usually, stronger
interfaces lead to higher tensile and flexural strengths
but reduced impact strength because energy-consuming
mechanisms during composite fracture such as fibre
pull out are inhibited. Therefore, ILSS results suggest
that in addition to the lower strength and higher flexi-
bility of the bioresins, the poor adhesion to the fibres
could also have influenced the tensile strength (nega-
tively) and the impact strength (positively).

Examining the results from Table 2 it can also be
seen that the Charpy impact strength increased for both
EHO and ESO samples with increasing bioresin con-
centration. This behaviour is attributed to the long
fatty acid chains of the EVO imparting flexibility to
the matrix thereby increasing the energy required to
break the biocomposite samples. Throughout the
sample range, ESO samples displayed higher impact
strength compared with EHO samples and the control.
This is due to the lower crosslink density of the ESO
samples compared with EHO and the synthetic control.

Flexural properties for the bioresin and biocompo-
site samples are shown in Tables 3 and 4, respectively.
The highest recorded peak flexural stress and flexural
modulus were observed for the synthetic epoxy control
sample. At a concentration of 10%, the EHO sample
displayed comparable performance to the synthetic
epoxy control. Moreover, for both EHO- and ESO-
based samples at concentrations greater than 10%,
EHO-based samples displayed marginally higher flex-
ural properties than all ESO-based samples. However,
it was also noted that there was a marked reduction in
flexural properties for both EHO and ESO subsequent
to 30% bioresin concentration. A trend of decreasing
flexural properties and subsequently increasing ductility
for both EHO- and ESO-based samples was observed
with increasing bioresin concentration resulting in
lower flexural performance. This is in agreement with

results obtained by Zhu et al.,*® who found similar
results for ESO/epoxy blends.

EHO-based jute fibre samples displayed comparable
peak flexural stress and flexural modulus with the syn-
thetic control up to a concentration of 10% (Table 4
and Figure 9). Both EHO and ESO samples show evi-
dence of decreasing flexural performance with increas-
ing Dbioresin concentration. Although there is no
literature to the author’s knowledge regarding this spe-
cific biocomposite, there is also limited literature in gen-
eral pertaining to bioresins with natural fibres.
However, in terms of glass fibre reinforcement, these
results are in agreement with those found in the litera-
ture. For instance, Chandrashekhara et al.** manufac-
tured epoxidized allyl soyate (EAS)-based bioresins/
epoxy blends reinforced with glass fibre. It was found
that an increase in EAS content resulted in a decrease in
flexural properties. Espinoza-Perez et al.'®** studied
the flexural properties of glass fibre-reinforced ESO/
epoxy and epoxidized canola oil/epoxy composites.
Utilisation of the bioresin blends resulted in reductions
in both flexural strength and modulus of 15-86% and
13-65%, respectively, in comparison to the synthetic
epoxy control. According to Espinoza-Perez et al.,'**
similar results were also realized by Tatlari*! regarding
glass fibre-reinforced ESO/epoxy composites.

When comparing the flexural properties of the neat
resin with those of the biocomposites, it was observed
that flexural strength was lower in the biocomposites
compared with the neat resin. Conversely, the flexural
modulus of the biocomposites was found to be higher
than the neat resin samples. Given the fact that there is
an absence of literature regarding the mechanical prop-
erties of EVO-based bioresins and their associated nat-
ural fibre-reinforced biocomposites, comparisons are
limited. Nonetheless, the addition of the jute fibre
reinforcement served to ultimately increase stiffness
and consequently brittleness, thereby leading to the
results obtained. These results may also be attributed
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to poor fibre-matrix interfacial adhesion which can be
confirmed by ILSS and the associated SEM images.
In contrast with flexural properties, tensile proper-
ties are inherently fibre dependant, although the matrix
still must be appropriately able to transfer loads to the
fibre reinforcement. EHO and ESO jute-based samples
displayed similar tensile behaviour at a concentration
of 10% bioresin. Samples containing EHO exhibited
marginally higher peak tensile stress and modulus of

elasticity than ESO samples throughout the intermedi-
ate data range (Table 4 and Figure 10). Moreover, both
EHO and ESO samples showed lower modulus of elas-
ticity throughout the data range than the control. This
behaviour is expected due to the lower modulus of elas-
ticity of EVO-based bioresins and EVO/epoxy blends.
Peak tensile stress for both EHO and ESO samples up
to a concentration of 10% was greater than the control.
Similar results were found by Chandrashekhara et al.*
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Table 5. Dynamical mechanical properties of EHO- and
ESO-based bioresins and biocomposites.

Storage Crosslink
modulus at density

Sample type 40°C (MPa) T, (°C) (mol/m3)
Neat bioresin

R246TX 1820 107.4 1001
ESO 10-90 1504 93.9 841
ESO 20-80 1401 90.8 623
ESO 30-70 1022 87.7 454
ESO 40-60 185 79.3 62
EHO 10-90 1643 99.1 965
EHO 20-80 1541 96.5 714
EHO 30-70 1170 89.5 418
EHO 40-60 313 80.1 158
Biocomposite

R246TX 1912 107.1 9936
ESO 10-90 1607 91.4 6599
ESO 20-80 1494 86.1 6252
ESO 30-70 1131 85.2 3601
ESO 40-60 196 76.9 715
EHO 10-90 1770 98.2 6711
EHO 20-80 1599 93.7 5970
EHO 30-70 1244 88.6 4580
EHO 40-60 375 78.6 1427

EHO: epoxidized hemp oil; ESO: epoxidized soybean oil.

in studying the mechanical properties of EAS-based
bioresins/epoxy blends reinforced with glass fibre.
While no data is presented regarding the tensile
strength of said biocomposites, the tensile modulus
was found to slightly increase with low levels of bior-
esin concentration before decreasing with increasing
bioresin concentration. It is noted however that lower
concentrations of bioresin were used in this study com-
pared to those used within this work.

Dynamic mechanical properties

DMA was performed on bioresin and biocomposite
samples in order to characterize the viscoelastic behav-
iour of both EHO- and ESO-based neat bioresins and
biocomposites. Table 5 and Figures 11 and 12 show the
effects of EHO and ESO concentration on the storage
modulus at 40 C, T, and crosslink density. For both
bioresin and biocomposite sample types, storage modu-
lus was found to decrease with increasing bioresin con-
centration. Similar behaviour to the flexural properties
was observed in that subsequent to 30% bioresin con-
centration, performance was substantially reduced.
The highest recorded storage modulus of the bioresin
and biocomposite samples was 1820 and 1912 MPa,

respectively, for the synthetic epoxy control samples.
Samples containing EHO displayed higher storage
modulus than those containing the same concentration
of ESO.

The T, of EHO and ESO bioresin samples was deter-
mined from the peak of the tan & curve using Universal
Analysis 2000 version 3.9 A software. Commonly a
higher T, is obtained when the bioresin component
has a lower epoxide equivalent weight (EEW) and
higher epoxy functionality.** This was apparent and
expected in this study as EHO has a lower EEW
and higher epoxy functionality compared with ESO
and consequently displayed higher 7, values than
ESO samples throughout the data range. The change
in T, for the bioresin compared with the biocomposite
samples was found to be negligible. Of all the different
samples, the synthetic epoxy control was found to exhi-
bit the highest T, of 107.4°C. The relationship between
bioresin concentration and 7, was found to be approxi-
mately linear, thereby supporting the findings of
Miyagawa et al.¥® A reduction in T, was observed
with increasing bioresin content, which is also in agree-
ment with results found by Espinoza-Perez et al.'* and
Miyagawa et al.*®

Crosslink density is also outlined in Table 5. Similar
to the storage modulus and the 7, values, the value of
the crosslink density was found to decrease with
increasing bioresin concentration. These findings are
again consistent to those of Miyagawa et al.>®* As
expected, the synthetic epoxy control sample exhibited
the highest crosslink density. EHO samples displayed
higher crosslink density than ESO samples at the same
bioresin concentrations. Subsequent to 30% bioresin
concentration, the crosslink density markedly
decreased, suggesting that synthetic epoxy replacement
is limited to lower bioresin concentrations. Both EHO
and ESO were found to be non-transparent above 30%
concentrations. This non-transparency is the result of
differences between reactivity of the terminal epoxy
groups in the synthetic resin and the epoxy groups
located centrally in the bioresin towards the amine
curing agent. Crosslink densities were found to be
higher for biocomposites samples in comparison to
the neat bioresin samples primarily due to improved
storage moduli. Similar results were found by Jacob
et al.*} and Rahman et al.,** who found increased cross-
link densities of composites in comparison to those of
neat resin samples.

Moisture absorption

Akil et al.*® mentioned three different mechanisms
acting in the moisture absorption of fibre-reinforced
composites, namely, diffusion of water molecules
inside the microgaps between polymer chains, capillary
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transport into the gaps and flaws of the interfaces
between fibre and the matrix and transport through
microcracks in the matrix arising from fibre swelling
(particularly in the case of natural fibre composites).
Moreover, the hydrophilic temperament of natural
fibres increases moisture absorption of the final
composites.

The moisture absorption results obtained in this
study showed that the biocomposites immersed in

distilled water at 23.1°C followed a linear Fickian
behaviour, whereby the moisture weight gains grad-
ually reached equilibrium after a rapid initial phase.
Moisture absorption data, specifically diffusion coeffi-
cient and saturation moisture content of the bioresin
blends and jute fibre-reinforced biocomposites is
shown in Table 6. The moisture absorption of the
epoxy bioresin blends and biocomposite samples was
found to increase with increased bioresin loading.
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Table 6. Water-absorption properties of EHO- and ESO-based
bioresin/epoxy blends and biocomposites.

Diffusion Saturation

coefficient x 107¢ moisture
Sample type (mm?/s) content (%)
Bioresin samples
R246TX 1.78 1.05
EHO 20-80 1.85 1.22
ESO 20-80 1.93 1.26
EHO 40-60 1.99 1.47
ESO 40-60 2.03 1.51
Jute fibre samples
R246TX 424 9.32
EHO 20-80 4.60 15.20
ESO 20-80 4.70 16.63
EHO 40-60 5.09 24.13
ESO 40-60 5.46 25.71

EHO: epoxidized hemp oil; ESO: epoxidized soybean oil.

This behaviour was also reported by Tan and Chow?*®

for epoxidized palm oil blends.

As previously stated, fibres provide an additional
transport mechanism for water transport throughout
the material and therefore the composite water uptake
was always higher than that observed for the neat resin
samples. As expected, the highest moisture absorption
was shown by the jute fibre biocomposite samples.
These fibres dramatically increase both the diffusion
coefficient and saturation moisture content of the com-
posites as they absorb water as a consequence of their
hydrophilic nature given by the hydroxyl groups in the
cellulose component of the fibres and swell, allowing
the transport of water along microcracks in the
matrix arising from the swelling of fibers.”* EHO-
based samples displayed marginally lower diffusion
coefficient sand saturation moisture contents than
ESO-based samples, although the difference is
insignificant.

Conclusions

EHO-based bioresins and jute fibre-reinforced biocom-
posites were manufactured and compared with ESO-
based samples in terms of SEM, mechanical, dynamic
mechanical and water-absorption properties. EHO-
based biocomposite samples were found to display
marginally higher tensile stress, modulus of elasticity,
flexural stress, flexural modulus and ILSS than ESO-
based samples. Mechanical performance decreased
for both EHO and ESO bioresins and biocomposites
with increased bioresin loading. A significant reduction
occurred after 30%  bioresin  concentration.

As expected, synthetic epoxy control samples displayed
superior mechanical performance compared with both
EHO and ESO samples. From the SEM analysis it was
confirmed that fibre-matrix interfacial adhesion was
negatively affected with increasing bioresin content.
Therefore, future work will involve studying different
fibre chemical treatments, such as alkai treatment with
the aim of improving fibre-matrix adhesion.

Overall, this study has shown that EHO-based bior-
esins when applied to jute fibre-reinforced biocompo-
sites can compete with commercially produced ESO in
terms of mechanical performance, dynamic mechanical
properties and  water-absorption  characteristics.
However, the general, realistic conclusion is that both
EHO and ESO are indeed best suited to a plasticizing
role rather than complete bioresin matrices, although it
was shown that EHO can be used in marginally higher
concentrations than ESO.
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