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Abstract: This contribution focuses on the development of flax and flax/basalt hybrid reinforced
composites based on epoxidized linseed oil (ELO) resin, exploiting the feasibility of different ratios
of glutaric anhydride (GA) to maleinized linseed oil (MLO) in the hardener system (50:0, 40:10
and 30:20 wt.%) to provide crosslinked thermosets with balanced properties. The hybrid laminates
have been manufactured by resin transfer molding (RTM) and subjected to dynamic–mechanical
(DMA) and thermal gravimetry (TGA) analysis. The presence of glutaric anhydride (GA) resulted
in hard and relatively brittle flax and flax/basalt laminates, whose loss moduli decreased as the
number of basalt plies diminished. Furthermore, the increase in MLO content in the GA:MLO
hardener system shifted the glass transition temperatures (Tg) from 70 ◦C to 59 and 56 ◦C, which is
representative of a decrease in brittleness of the crosslinked resin. All samples exhibited two stages
of their decomposition process irrespective of the MLO content. The latter influenced the residual
mass content that increased with the increase of the MLO wt.% from 10 to 30 wt.%, with shifts of the
final degradation temperatures from 410 ◦C to 425 ◦C and 445 ◦C, respectively.

Keywords: epoxidized linseed oil (ELO); flax; basalt; dynamic–mechanical; green composites; mass
loss; resin transfer molding (RTM)

1. Introduction

Development of niche products to mitigate global warming effects and implement
viable solutions for harmful emission reduction is an ongoing concern across a wide
range of industry players, government agendas and policies, environmental protection
agencies’ initiatives and researchers’ studies [1–4]. Material substitution was sought as
a solution to emission reduction, lightweighting or depletion of fossil resources and was
successfully used to address issues regarding sustainability, environmentally friendly
products, biodegradability and availability [5,6]. Recent research trends envisage the
replacement of both conventional synthetic reinforcements and resins in polymer-based
composites with plant fibers and bio-based or green polymer resins [7,8]. Numerous
studies report on naturally reinforced, thermosetting and thermoplastic composites made
out of plant-based fibers like flax, hemp, kenaf, sisal, jute and ramie, among others [9–13].
These studies cover a wide range of topics from manufacturing techniques (e.g., manual
lay-up and resin transfer molding) to material properties (e.g., mechanical, dynamical,
electrical, thermo-physical and flammability), natural-fibers surface conditioning, fiber–
matrix interface issues and prospective applications (e.g., automotive, construction and
building, marine, aerospace and food industry) such as coatings, adhesives, inks, resins
and composites.
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An increasing interest in bio-based resin development can be traced from the sci-
entific contributions on thermosetting polymers for natural reinforcement composites.
These were synthetized as bio-based epoxy resins by addition of vegetable oils (e.g., soy-
bean, linseed, canola, karanja and vernonia), furans, tannins, cardanol or natural rubber.
The hardeners deployed for crosslinking processes covered a wide selection of bio-based
epoxy curing agents, including amines and amine derivatives, anhydrides, carboxylic
acids, phenols, polyphenols, etc. [14–20]. Vegetable oils (VOs) are a promising source
for bio-based materials and additives for the polymers industry. VOs consist of three
fatty acids, chemically attached to a glycerol backbone leading to a typical triglyceride
structure. The main feature of VO is unsaturation, which can be selectively converted
into groups (e.g., hydroxyl, oxirane, maleic anhydride and acrylate) to tailor the desired
reactivity. These chemically modified VOs find increasing applications in the polymer
industry such as their use in plasticizers, chain extenders, compatibilizers, coatings and
thermosetting resins [21–26]. Epoxidation is one of the most usual chemical modifications
of VO, which leads to epoxidized vegetable oils (EVOs) with growing uses in plasticization
and thermosetting resins [27–31]. Currently, it is possible to find several EVOs at commer-
cial scale as epoxidized soybean oil (ESBO) and epoxidized linseed oil (ELO), with main
applications in the plasticization industry. Epoxidized linseed oil (ELO) is extensively used
in thermoset applications as they not only are cost effective and ecofriendly but also have a
low level of toxicity [3,32]. Major disadvantages of commercially available ELOs include
their high viscosity (1000–2000 cP at 10 ◦C) and lack of carbon–carbon double bonds if fully
epoxidized along with the transformation into homogeneous clear liquids above room
temperature (>30 ◦C). On the other hand, partially ELOs are homogeneous liquids with
low viscosities and melting points below room temperature. Their epoxy functionality
varies depending on the average number of carbon–carbon double bonds per triglyceride
molecule in the nonfunctionalized linseed oil and their degree of epoxidation [16,33,34].
As oxirane groups in ELO are not located in terminal positions, the crosslinking process
usually needs moderate-to-high temperatures and anhydride-based hardener systems.

Common curing agents deployed for bio-based resin crosslinking include amines
and amine derivatives (e.g., polyamines, aromatic, furanic and amino acids), anhydrides,
phenols and polyphenols. Anhydrides were among the preferences against amines con-
sidering their higher glass transition temperatures, low viscosity, very low exothermic
reactions and long pot life [17]. For example, cycloaliphatic monoanhydride, phthalic
anhydride (PA), pyromellitic dianhydride (PMDA), methyltetrahydrophthalic anhydride
(MTHPA), methylhexahydrophthalic anhydride (MHHPA) or methyl nadic anhydride
(MNA) have been delivered as novel hardener formulations [16,32,35]. The last three cyclic
anhydrides are liquids at room temperature, and this has a positive effect on handling the
mixtures before the curing process. Partially bio-based epoxy resins with low temperature
hardening systems can be found at commercial scale. Usually, the hardener systems for a
low temperature profile curing are based on amines and are increasingly used as matrices
in polymer composites [36].

The research groups of Altuna et al. (2011) and Kumar et al. (2017) reported on thermal
and mechanical properties of epoxidized soybean oil (ESO) crosslinked with MTHPA in the
presence of 1-methyl imidazole (1-MI) and MHHPA in the presence of 2-methyl imidazole
(2-MI), respectively [18,37]. Their results reveal similar values of the loss moduli accounting
for a 20% ESO in the epoxy resin as retrieved at 30 ◦C, 2.41 and 2.18 GPa, respectively. On
the other hand, the glass transition temperatures reported (Tg) were highly different: 102
and 143 ◦C, respectively. Both groups concluded the effect of ESO content on the Tg values,
as the content increase lowers the Tg values.

In this investigation, the papers of Samper et al. (2015) and Fombuena et al. (2019)
were referred to since they explored the mechanical and thermal properties of ELO bio-
based resin crosslinked with MNA or MNA and maleinized linseed oil (MLO) as a new
formula hardener system, respectively [38,39]. In addition, identical process parameters
have been deployed as already optimized. From their findings, it was shown that flax-fiber
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reinforcements revealed improved mechanical properties in the absence of any surface
treatments, having the presence of MLO in the hardener system. Next, the MLO content
highly decreased the Tg values, in the range of 50 ◦C, as retrieved from the loss tangent
curves in dynamic mechanic analysis performed in shear mode.

Additionally, Samper et al. (2015) reported on the mechanical properties of basalt-
reinforced ELO-based composite crosslinked with MNA in the presence of 1-methylimidazole
(1-MI) [39]. Their results revealed increased mechanical properties (i.e., about 10% to 30%),
both in tensile and flexure, on composites having their reinforcements previously condi-
tioned with silane derivatives, amino and glycidyl, compared with thermally treated ones.

This contribution reports on the manufacturing of flax and flax/basalt fibers reinforced
ELO composites by resin transfer molding, deploying a new environmentally friendly anhy-
dride system as a hardener. Thus, glutaric anhydride (GA) in combination with maleinized
linseed oil (MLO) has been considered to develop novel formulations to crosslink the ELO
bio-based resin. The effect of the crosslinker on the dynamic–mechanical and thermal
degradation properties of the resulting composites has been investigated and debated.

2. Materials and Methods
2.1. Materials Selection

An epoxidized linseed oil (ELO, 99.5%) supplied by Traquisa S.A (Barcelona, Spain)
was selected as the polymer matrix to deliver the final laminates. This ELO is characterized
by an epoxy equivalent weight (EEW) of 178 g equiv−1. The bio-based epoxy resin was
crosslinked with a mixture of glutaric anhydride (GA) and maleinized linseed oil (MLO)
under a ratio of 50:50 wt.% between the resin and hardener system. The GA (G3806, 95%)
was supplied by Sigma Aldrich (Madrid, Spain) having an anhydride equivalent weight
(AEW) of 114.10 g equiv−1 while the MLO was acquired from Vandeputte Group (Deerlijk,
Belgium) posing an acid value within 105–130 mg KOH g−1 and an average anhydride
equivalent (AEW) of 203 g equiv−1. The base ELO resin was mixed with the hardener
system (MLO/GA) under a constant ratio of 50:50 wt.% to cover different molar ratios since
MLO provides flexible crosslinked polymers while GA leads to rigid/brittle crosslinked
structures. Several mixing procedures by wt.% were formulated prior to delivery of the
final hardener blend (e.g., 50:0, 40:10 and 30:20 wt.% which correspond to EEW:AEW ratios
of 0.87, 1.01 and 1.15, respectively). After homogenization of the ELO/hardener system,
additional 1 wt.% glycerol and 2 wt.% 1-methylimidazole, both supplied by Sigma Aldrich
(Madrid, Spain), were added, stirred until homogenization and, subsequently, subjected to
the curing thermal cycle. The chemical structure of all components is shown in Scheme 1.

The reinforcements selected for study were flax and basalt fibers. Flax fabric (F) was
supplied by Hilaturas Ferre S.A. (Alicante, Spain) as coupons with a surface density of
175 g m−2, whereas the basalt fabric (B) was delivered by Basaltex (Marureel, Belgium),
with an area weight of 220 g m−2. Plain weave pattern was chosen for both fabrics.

2.2. Composite Manufacturing

A conventional resin transfer molding (RTM) technique was deployed for the ELO
blend-based laminates (dimensions: 300 mm × 300 mm) manufacturing by aid of a Hypa-
ject MKII from Plastech Thermoset Tectonics Ltd. (Gunnislake, UK). Process conditions
were similar to those reported by Samper et al. and Fombuena et al. [38,39].

Different composite architectures were delivered by the various stacking of four layers
of constitutive, both natural and synthetic. Thus, the following codes were considered for
the stacking sequences and further used for sample identification: FFFF, FBBF, BFFB and
BBBB, respectively.

The overall fiber loading fluctuated within 55.3 ± 0.5 wt.% for all architectures while
the sample thickness fluctuated around 3 ± 0.15 mm. Good-quality surfaces were obtained
on all laminates with a roughness appearance on those having the flax fabrics layered as
the outermost surfaces.
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thermosetting resins as base materials for composites manufacturing.

2.3. Composite Characterization

Viscoelastic properties of ELO-based specimens were retrieved in accordance with
the ASTM D5023:2007 [40] standard by a dynamic mechanical analyzer DMA 242 C from
Netzsch GmbH (Selb, Germany). Samples were subjected to 3-point bending deformation
mode at an oscillating frequency of 1 Hz from −50 to 200 ◦C. Composite specimens
50 × 10 × 3 mm3 (L × l × h) were scanned in the dynamic temperature ramp mode at a
heating rate of 3 K min−1 to avoid all artifacts. The Proteus® software was used to operate
the instrument and analyze the experimental data.

Thermal decomposition was studied by thermogravimetric analysis. Measurements
were performed using an STA 449 F3 Jupiter® device from Netzsch GmbH (Selb, Germany)
at a heating rate of 10 K·min−1, under a nonoxidative atmosphere (N2) at a 20 mL·min−1

flow rate, in accordance with the ISO 11358-1:2014 standard [41]. The microbalance had
a precision of ±0.1 µg. Alumina crucible (70 µL) was used to hold individual composite
excerpt (approx. 15–20 mg) that was further subjected to heating within a 25–700 ◦C
temperature range.

3. Results and Discussion

Prior to debating the dynamic mechanical properties of composite samples based
on ELO epoxy resin, an insight into the influence of MLO co-hardener content upon the
property under consideration is given. Glutaric anhydride is a very promising cyclic
anhydride from several standpoints. On one hand, it can be bio-derived through its corre-
sponding dicarboxylic acid and, on the other hand, its melting temperature is relatively
low, in the 53–57 ◦C range [42]. Nevertheless, epoxy resins crosslinked with GA are brit-
tle [43]. To overcome this, the present work suggests the use of a flexible anhydride, namely
maleinized linseed oil (MLO), in the hardener system. Figure 1a,b shows the evolution of
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both storage modulus (E′) and damping factor or loss tangent (tan δ) with the temperature
increase for several flax specimens based on ELO epoxy resin accounting for a different
GA:MLO ratio. As can be seen, two transitions (i.e., glass and leathery to rubbery) and three
different states (i.e., glassy, leathery and rubbery) can be identified for all combinations.
Further, a higher MLO wt.% content in the hardener mixture lowers the specimen’s rigidity
under dynamic loading conditions. Thus, addition of MLO in 10 wt.% amounts results
in 17.7% and 28.4% decreases, respectively, of flax-reinforced composite elastic moduli
retrieved at 25 ◦C (i.e., temperature of use). The glass transition region is relatively narrow,
covering the 50–75 ◦C temperature range. In addition, both magnitudes decrease and shift
toward lower temperature values encountered in the damping factor peaks (see Figure 1b).
Thus, addition of 10% and 20% of MLO as a co-hardener results in a negative shift of
Tg values to 59 and 56 ◦C, respectively, which represents a 15.7% and 20% decrease with
respect to the reference (ELO:GA) based composite. Additionally, the addition of MLO
results in the loss tangent curve slightly broadening. All curves have a symmetric gaussian
shape of the tan δ peak that is an indication of the homogeneous distribution of relaxation
times in polymer motion [16]. Table 1 lists the glass transition temperatures (Tg) and peak
intensities retrieved from tan δ curves, along with the crosslinking densities and storage
modulus values retrieved at 25 ◦C. The crosslinking density (νe) of the laminates was
estimated according to the rubbery elastic theory and considering the storage modulus (E′)
in the rubbery plateau region (Tg + 40 ◦C), gas constant (R, 8.314 J·(K·mol)−1) and absolute
temperatures (K) [44,45].
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Figure 1. Dynamic–mechanical properties of flax-fiber-reinforced (FFFF) composites based on different epoxidized linseed
oil:glutaric anhydride:maleinized linseed oil (ELO:GA:MLO) blends: (a) storage modulus evolution with temperature and
(b) loss tangent evolution with temperature.

Table 1. Glass transition temperature and storage modulus of epoxidized linseed oil:glutaric anhydride:maleinized linseed
oil (ELO:GA:MLO)-based composites.

Sample
Architecture

Resin Blend
(ELO:GA:MLO) Tg (◦C) Peak Intensity of

tan δ Curve
Crosslinking Density

(×103 mol m−3) 1
Storage Modulus

(GPa) 2

FFFF
50:50:0 70 0.705 1.614 2.757
50:40:10 59 0.617 2.120 2.268
50:30:20 56 0.538 2.054 1.954

FBBF
50:40:10

59 0.274 15.369 2.873
BFFB 61 0.573 40.412 11.125
BBBB 62 0.132 142.636 11.575

1 νe = E′/3RT; 2 retrieved at 25 ◦C; F—flax layer; B—basalt layer.
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Further development focused on mechanical properties of different stacked sequences
of flax and basalt fibers under dynamic loadings accounting for a 10 wt.% of MLO in
the ELO crosslinking process. The ELO:GA:MLO blend under a 50:40:10 ratio is seen to
exhibit the best compromise on elastic and viscous components as described earlier and
selected consequently. Figure 2a,b shows the evolution with the temperature increase of
the storage modulus and damping curves of the composite architectures developed based
on the combination above.
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based on 10 wt.% MLO co-hardener: (a) storage modulus evolution with temperature and (b) loss tangent evolution
with temperature.

As can be seen, the DMA curves follow the general trend of crosslinked polymers.
This can be seen especially with the rubbery plateau of the corresponding plots (see
Figure 2a). Glass transition temperatures (Tg) identified with loss tangent peak (n. single
peak maximum ascribed to the α-relaxation) for flax- and flax/basalt-reinforced composites
herein exhibit relatively small discrepancies, fluctuating in the vicinity of 60 ◦C. The latter
can be regarded with the presence of the MLO in the resin blend with a stabilizing effect
upon the specimens’ viscoelastic behavior as reported by Fombuena et al. [38]. Further,
laminates based solely on flax-fabric reinforcement pose the lowest values of both elastic
modulus and tan δ peak intensities. This result confirms a decreased damping ability of
flax composite in the vicinity of Tg compared with its hybrid counterparts. Moreover, the
addition of MLO in 10 and 20 wt.% as a co-hardener to the ELO resin blend results in a
negative shift of Tg to 59 and 56 ◦C, respectively, as reported above. The calculated νe
values increase with the addition of MLO wt.% with the resin blend, which indicates a
considerably increased crosslinking density.

A closer view on the storage modulus evolution with the glassy plateau reveals
discrepancies between FBBF, BFFB and BBBB architectures. Therefore, the storage modulus
of the BFFB architecture doubles compared with its counterpart. This can be assigned to
the fiber–matrix interaction that is poor in the case of lignocellulosic flax-fabric-reinforced
ELO blend in the presence of the MLO co-hardener.

The heterogeneity of the hybrid specimens herein was investigated using the Cole–
Cole diagrams. These are used as indicators for the homogeneity of the bio-based resin
systems. In Figure 3a,b, it can be seen that the Cole–Cole plots of the loss modulus (log E′′)
as a function of the storage modulus (log E′) for the flax-fiber-reinforced composites based
on different ELO:GA:MLO blends along with that of hybrid composite structures account
for a 10 wt.% of MLO in the ELO resin. Departure from the ideal semicircular shape
can be seen in all composite architectures regardless of the resin system, especially in
flax-fiber-reinforced architectures.
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Figure 3. Cole–Cole plots: (a) flax-fiber-reinforced composites based on different ELO:GA:MLO blends and (b) flax- and
flax/basalt-reinforced composites based on 10 wt.% MLO co-hardener.

At a glance, 10 wt.% MLO added as a co-hardener in the ELO resin does not signifi-
cantly change the overall behavior of flax-reinforced composites in shock and vibrations.
Supplementing the MLO wt.% in the stoichiometric composition of the hardener changes
the shape of the Cole–Cole diagram, as seen in Figure 3a. Therefore, increasing the MLO
content in the hardener combination leads to a curve shape closer to the ideal semicircular
shape with direct consequences on both laminates’ overall stiffness and dynamic behavior.
For hybrid flax/basalt laminates based on the same MLO wt.% content, there are no signifi-
cant differences on their Cole–Cole curve shapes as seen in Figure 3b. On the other hand,
flax-reinforced composites exhibit a departure that decreases the amount of energy that
can be dissipated throughout the structure under dynamical loading conditions.

The thermal degradation profiles as determined by thermogravimetric analysis (TGA)
of the flax- and flax/basalt-reinforced bio-based thermoset ELO resin crosslinked with
different compositions of GA and MLO as a co-hardener are shown in Figures 4 and 5a,b
and summarized in Tables 2 and 3.
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Figure 5. Thermal degradation profiles of flax- and flax/basalt-reinforced composites based on 10 wt.% MLO co-hardener:
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Table 2. Thermal degradation results of flax and flax/basalt composites based on ELO:GA:MLO.

Mass Loss Data
FFFF FBBF BFFB BBBB

50:50:0 50:40:10 50:30:20 50:40:10

Tonset (◦C) 300.9 304.6 305.3 303.6 302.3 324.6

Tmid (◦C) 354.3 365.3 339 371.9 366.0 384.8

Tmax1 (◦C) 266.1 269.8 268.5 270.6 272.0 267.5

Tmax2 (◦C) 362.4 367.6 383.2 359.2 364.1 398.2

Tend (◦C) 411.2 423.9 445.8 434.8 432.8 448.6

Mass change (%) 82.27 81.53 79.08 58.78 56.30 51.68

Residual mass (%) 9.55 (656.4 ◦C) 12.07 (653.5 ◦C) 15.96 (655.8 ◦C) 37.90 (643 ◦C) 40.17 (649.8 ◦C) 46.85 (675.0 ◦C)

Tonset—initial temperature of the degradation curve; Tmid—temperature with the middle of degradation curve; Tmax—temperature of
highest degradation; Tend—final degradation temperature.

Table 3. Decomposition temperatures at different levels of TG weight loss.

Sample
Architecture

Resin Blend
(ELO:GA:MLO)

Temperatures at Different Weight Loss (◦C)

5 wt.% 10 wt.% 25 wt.% 50 wt.% 75 wt.%

FFFF
50:50:0 247.5 268.5 314.0 363.8 427.8
50:40:10 247.5 272.5 299.4 368.1 443.7
50:30:20 250.0 277.5 333.4 374.8 427.8

FBBF
50:40:10

275.0 297.5 359.7 423.3 -
BFFB 271.5 292.5 357.2 424.4 -
BBBB 302.5 362.5 375.0 400 -

The ELO-based flax laminates, with/without MLO added as co-hardener, reveal a
two-stage thermal degradation process occurring within 200–300 ◦C and 300–500 ◦C ranges,
respectively, leaving between 10% and 15% char residues behind as measured at 650 ◦C.
Similarities of the TG and DTG curves in Figure 4 indicate that the thermal decomposition
process is dominated by flax fibers with small discrepancies due to the presence of GA
and MLO co-hardener. Degradation curves are typical to natural reinforcements, as shown
by decomposition temperatures at peaks of the DTA curves. The first peak in the range
of 265–270 ◦C corresponds to the decomposition of hemicellulose (mass loss about 20%)
while the second peak (around 360 ◦C, mass loss about 45%) is due to decomposition of
cellulose [10,12]. Prior hemicellulose decomposition, waxes, pectin and other water-soluble
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substances are gradually removed. Char residues are due to the lignin content of flax-
fiber structure [46]. Degradation of ELO blend resin occurs overlapped with the flax-fiber
degradation, undergoing high mass loss up to 300 ◦C that can be explained by spontaneous
fatty acid chain scission resulted from the reaction of epoxide rings with the anhydride
hardener [47].

Presence of basalt reinforcement in the hybrid architecture does not change the TG
and DTG curve profiles, but the char residues are left in the device crucible in relatively
high amounts (40–45%). In addition, differences between first peak temperature values
from flax to flax/basalt hybrid architectures are about ±5 ◦C that may reflect acceptable
measurement errors and thus are nonquantifiable in the thermal stability behavior of
composites herein.

4. Conclusions

A new environmentally friendly anhydride system, composed of glutaric anhydride
(GA) and maleinized linseed oil (MLO) into various wt.% ratio combinations, was pro-
posed for crosslinking a bio-based epoxidized linseed oil (ELO) resin. Further, various
stacked sequences of flax (F) and basalt (B) reinforcements, manufactured by resin transfer
molding (RTM), were delivered as 4-ply hybrid architectures (FBBF, BFFB) based on the
novel formula system selected (ELO:GA:MLO as 50:40:10 wt.%). Insights into dynamic
mechanical and thermal degradation properties of these bio-based thermosetting hybrid
composites revealed differences due to stacking sequences compared with their counter-
parts (FFFF or BBBB). Thus, while the loss tangent peak intensity, crosslinking density and
storage modulus are increasingly higher with basalt fabrics layered outermost, there are no
significant differences on the Cole–Cole distribution, and all composites withstand shock
and vibrations comparably. On the other hand, thermal degradation seems to be unaffected
by constitutive stacking sequence, revealing no significant differences on degradation
temperature’s values (e.g., initial, highest and final), as well as on the mass change and
residual mass.

To summarize, the green composites herein, developed using a new synthesis route
for their thermoset ELO resin, appear to be attractive for practical applications accounting
for both relatively low manufacturing costs and enhanced investigated properties.

Author Contributions: Conceptualization, R.B. and S.F.-B.; investigation, D.L.M., D.G.-G. and J.M.F.;
resources, S.F.-B. and J.M.F.; writing—original draft preparation, D.L.M.; writing—review and editing,
D.L.M. and R.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science, Innovation, and Universities (MICIU)
project numbers MAT2017-84909-C2-2-R.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Henning, F.; Kärger, L.; Dörr, D.; Schirmaier, F.J.; Seuffert, J.; Bernath, A. Fast Processing and Continuous Simulation of Automotive

Structural Composite Components. Compos. Sci. Technol. 2019, 171, 261–279. [CrossRef]
2. Nagaraj, A.; Rajan, M. Chapter Future Needs and Trends: Influence of Polymers on the Environment. In Polymer Science and

Innovative Applications; AlMaadeed, M.A.A., Ponnamma, D., Carignano, M.A., Eds.; Elsevier: Amsterdam, The Netherlands, 2020;
pp. 593–634.

3. Rwahwire, S.; Tomkova, B.; Periyasamy, A.P.; Kale, B.M. Green Thermoset Reinforced Biocomposites. In Green Composites for
Automotive Applications; Koronis, G., Silva, A., Eds.; Woodhead Publishing: Sawston, UK, 2019; pp. 61–80.

4. Radoor, S.; Karayil, J.; Rangappa, M.; Siengchin, S.; Parameswaranpillai, J. A Review on the Extraction of Pineapple, Sisal and
Abaca Fibers and Their Use as Reinforcement in Polymer Matrix. eXPRESS Polym. Lett. 2020, 14, 309–335. [CrossRef]

http://doi.org/10.1016/j.compscitech.2018.12.007
http://doi.org/10.3144/expresspolymlett.2020.27


Polymers 2021, 13, 479 10 of 11

5. Koronis, G.; Silva, A.; Fontul, M. Green Composites: A Review of Adequate Materials for Automotive Applications. Compos. Part
B Eng. 2013, 44, 120–127. [CrossRef]

6. Amiri, A.; Burkart, V.; Yu, A.; Webster, D.; Ulven, C. The Potential of Natural Composite Materials in Structural Design.
In Sustainable Composites for Aerospace Applications; Jawaid, M., Thariq, M., Eds.; Woodhead Publishing: Sawston, UK, 2018;
pp. 269–291.

7. Kawajiri, K.; Kobayashi, M.; Sakamoto, K. Lightweight Materials Equal Lightweight Greenhouse Gas Emissions? A Historical
Analysis of Greenhouse Gases of Vehicle Material Substitution. J. Clean. Prod. 2020, 253, 119805. [CrossRef]

8. Mallick, P.K. Thermoset Matrix Composites for Lightweight Automotive Structures. In Materials, Design and Manufacturing for
Lightweight Vehicles, 2nd ed.; Mallick, P.K., Ed.; Woodhead Publishing: Sawston, UK, 2021; pp. 229–263.

9. Alam, M.; Akram, D.; Sharmin, E.; Zafar, F.; Ahmad, S. Vegetable Oil Based Eco-Friendly Coating Materials: A Review Article.
Arab. J. Chem. 2014, 7, 469–479. [CrossRef]

10. Azwa, Z.N.; Yousif, B.F. Characteristics of Kenaf Fibre/Epoxy Composites Subjected to Thermal Degradation. Polym. Degrad.
Stab. 2013, 98, 2752–2759. [CrossRef]

11. Summerscales, J.; Grove, S. Manufacturing Methods for Natural Fibre Composites. In Natural Fibre Composites; Hodzic, A., Shanks,
R., Eds.; Woodhead Publishing: Sawston, UK, 2014; pp. 176–215.

12. Ramesh, M. Flax (Linum usitatissimum L.) Fibre Reinforced Polymer Composite Materials: A Review on Preparation, Properties
and Prospects. Prog. Mater. Sci. 2019, 102, 109–166. [CrossRef]

13. Sanjay, M.R.; Siengchin, S.; Parameswaranpillai, J.; Jawaid, M.; Pruncu, C.I.; Khan, A. A Comprehensive Review of Techniques
for Natural Fibers as Reinforcement in Composites: Preparation, Processing and Characterization. Carbohydr. Polym. 2019, 207,
108–121.

14. Boquillon, N.; Fringant, C. Polymer Networks Derived from Curing of Epoxidised Linseed Oil: Influence of Different Catalysts
and Anhydride Hardeners. Polymers 2000, 41, 8603–8613. [CrossRef]

15. Ding, C.; Shuttleworth, P.S.; Makin, S.; Clark, J.H.; Matharu, A.S. New Insights into the Curing of Epoxidized Linseed Oil with
Dicarboxylic Acids. Green Chem. 2015, 17, 4000–4008. [CrossRef]

16. Pin, J.-M.; Sbirrazzuoli, N.; Mija, A. From Epoxidized Linseed Oil to Bioresin: An Overall Approach of Epoxy/Anhydride
Cross-Linking. ChemSusChem 2015, 8, 1232–1243. [CrossRef]

17. Baroncini, E.A.; Yadav, S.K.; Palmese, G.R.; Iii, J.F.S. Recent Advances in Bio-Based Epoxy Resins and bio-Based Epoxy Curing
Agents. J. Appl. Polym. Sci. 2016, 133. [CrossRef]

18. Kumar, S.; Samal, S.K.; Mohanty, S.; Nayak, S.K. Epoxidized Soybean Oil-Based Epoxy Blend Cured with Anhydride-Based
Cross-Linker: Thermal and Mechanical Characterization. Ind. Eng. Chem. Res. 2017, 56, 687–698. [CrossRef]

19. Ray, D.; Sain, S. Thermosetting Bioresins as Matrix for Biocomposites. In Biocomposites for High-Performance Applications;
Ray, D., Ed.; Woodhead Publishing: Sawston, UK, 2017; pp. 57–80.

20. Zhang, C.; Garrison, T.F.; Madbouly, S.A.; Kessler, M.R. Recent Advances in Vegetable Oil-Based Polymers and Their Composites.
Prog. Polym. Sci. 2017, 71, 91–143. [CrossRef]

21. Carbonell-Verdu, A.; Ferri, J.; Dominici, F.; Boronat, T.; Sanchez-Nacher, L.; Balart, R.; Torre, L. Manufacturing and Compatibiliza-
tion of PLA/PBAT Binary Blends by Cottonseed Oil-Based Derivatives. Express Polym. Lett. 2018, 12, 808–823. [CrossRef]

22. Quiles-Carrillo, L.; Duart, S.; Montanes, N.; Torres-Giner, S.; Balart, R. Enhancement of the Mechanical and Thermal Properties of
Injection-Molded Polylactide Parts by the Addition of Acrylated Epoxidized Soybean Oil. Mater. Des. 2018, 140, 54–63. [CrossRef]

23. Quiles-Carrillo, L.; Blanes-Martínez, M.; Montanes, N.; Fenollar, O.; Torres-Giner, S.; Balart, R. Reactive Toughening of Injection-
Molded Polylactide Pieces Using Maleinized Hemp Seed Oil. Eur. Polym. J. 2018, 98, 402–410. [CrossRef]

24. Quiles-Carrillo, L.; Montanes, N.; Sammon, C.; Balart, R.; Torres-Giner, S. Compatibilization of Highly Sustainable Polylac-
tide/Almond Shell Flour Composites by Reactive Extrusion with Maleinized Linseed Oil. Ind. Crops Prod. 2018, 111, 878–888.
[CrossRef]

25. Ferri, J.; Garcia-Garcia, D.; Sanchez-Nacher, L.; Fenollar, O.; Balart, R. The Effect of Maleinized Linseed Oil (MLO) on Mechanical
Performance of Poly(lactic acid)-Thermoplastic Starch (PLA-TPS) Blends. Carbohydr. Polym. 2016, 147, 60–68. [CrossRef]

26. Ferri, J.M.; Garcia-Garcia, D.; Montanes, N.; Fenollar, O.; Balart, R. The Effect of Maleinized Linseed Oil as Biobased Plasticizer in
Poly(lactic acid)-Based Formulations. Polym. Int. 2017, 66, 882–891. [CrossRef]

27. Carbonell-Verdu, A.; Bernardi, L.; Garcia-Garcia, D.; Sánchez-Nacher, L.; Balart, R. Development of Environmentally Friendly
Composite Matrices from Epoxidized Cottonseed Oil. Eur. Polym. J. 2015, 63, 1–10. [CrossRef]

28. Carbonell-Verdu, A.; Garcia-Garcia, D.; Dominici, F.; Torre, L.; Sanchez-Nacher, L.; Balart, R. PLA Films with Improved Flexibility
Properties by Using Maleinized Cottonseed Oil. Eur. Polym. J. 2017, 91, 248–259. [CrossRef]

29. España, J.M.; Sánchez-Nacher, L.; Boronat, T.; Fombuena, V.; Balart, R. Properties of Biobased Epoxy Resins from Epoxidized
Soybean Oil (ESBO) Cured with Maleic Anhydride (MA). J. Am. Oil Chem. Soc. 2012, 89, 2067–2075. [CrossRef]

30. Fenollar, O.; Garcia-Sanoguera, D.; Sanchez-Nacher, L.; Lopez, J.; Balart, R. Effect of the Epoxidized Linseed Oil Concentration as
Natural Plasticizer in Vinyl Plastisols. J. Mater. Sci. 2010, 45, 4406–4413. [CrossRef]

31. Fombuena, V.; Sanchez-Nacher, L.; Samper, M.D.; Juarez, D.; Balart, R. Study of the Properties of Thermoset Materials Derived
from Epoxidized Soybean Oil and Protein Fillers. J. Am. Oil Chem. Soc. 2012, 90, 449–457. [CrossRef]

32. Thiele, K.; Eversmann, N.; Krombholz, A.; Pufky-Heinrich, D. Bio-Based Epoxy Resins Based on Linseed Oil Cured with Naturally
Occurring Acids. Polymers 2019, 11, 1409. [CrossRef]

http://doi.org/10.1016/j.compositesb.2012.07.004
http://doi.org/10.1016/j.jclepro.2019.119805
http://doi.org/10.1016/j.arabjc.2013.12.023
http://doi.org/10.1016/j.polymdegradstab.2013.10.008
http://doi.org/10.1016/j.pmatsci.2018.12.004
http://doi.org/10.1016/S0032-3861(00)00256-1
http://doi.org/10.1039/C5GC00912J
http://doi.org/10.1002/cssc.201403262
http://doi.org/10.1002/app.44103
http://doi.org/10.1021/acs.iecr.6b03879
http://doi.org/10.1016/j.progpolymsci.2016.12.009
http://doi.org/10.3144/expresspolymlett.2018.69
http://doi.org/10.1016/j.matdes.2017.11.031
http://doi.org/10.1016/j.eurpolymj.2017.11.039
http://doi.org/10.1016/j.indcrop.2017.10.062
http://doi.org/10.1016/j.carbpol.2016.03.082
http://doi.org/10.1002/pi.5329
http://doi.org/10.1016/j.eurpolymj.2014.11.043
http://doi.org/10.1016/j.eurpolymj.2017.04.013
http://doi.org/10.1007/s11746-012-2102-2
http://doi.org/10.1007/s10853-010-4520-6
http://doi.org/10.1007/s11746-012-2171-2
http://doi.org/10.3390/polym11091409


Polymers 2021, 13, 479 11 of 11

33. Muturi, P.; Wang, D.; Dirlikov, S. Epoxidized Vegetable Oils as Reactive Diluents I. Comparison of Vernonia, Epoxidized Soybean
and Epoxidized Linseed Oils. Prog. Org. Coat. 1994, 25, 85–94. [CrossRef]

34. Henna, P.H.; Andjelkovic, D.D.; Kundu, P.P.; LaRock, R.C. Biobased Thermosets from the Free-Radical Copolymerization of
Conjugated Linseed Oil. J. Appl. Polym. Sci. 2007, 104, 979–985. [CrossRef]

35. Samper, M.; Fombuena, V.; Boronat, T.; Garcia-Sanoguera, D.; Balart, R. Thermal and Mechanical Characterization of Epoxy
Resins (ELO and ESO) Cured with Anhydrides. J. Am. Oil Chem. Soc. 2012, 89, 1521–1528. [CrossRef]

36. Lascano, D.; Valcarcel, J.; Balart, R.; Quiles-Carillo, L.; Boronat, T. Manufacturing of Composite Materials with High Environmental
Efficiency Using Epoxy Resin of Renewable Origin and Permeable Light Cores for Vaccum-Assited Infusion Molding. InGenius
2020, 62–73. [CrossRef]

37. Altuna, F.I.; Espósito, L.H.; Ruseckaite, R.A.; Stefani, P.M. Thermal and Mechanical Properties of Anhydride-Cured Epoxy Resins
with Different Contents of Biobased Epoxidized Soybean Oil. J. Appl. Polym. Sci. 2011, 120, 789–798. [CrossRef]

38. Fombuena, V.; Petrucci, R.; Dominici, F.; Jorda-Vilaplana, A.; Montanes, N.; Torre, L. Maleinized Linseed Oil as Epoxy Resin
Hardener for Composites with High Bio Content Obtained from Linen Byproducts. Polymers 2019, 11, 301. [CrossRef]

39. Samper, M.; Petrucci, R.; Sanchez-Nacher, L.; Balart, R.; Kenny, J. New Environmentally Friendly Composite Laminates with
Epoxidized Linseed Oil (ELO) and Slate Fiber Fabrics. Compos. Part B Eng. 2015, 71, 203–209. [CrossRef]

40. ASTM D5023-07. Standard Test Method for Plastics: Dynamic Mechanical Properties: In Flexure (Three-Point Bending); ASTM
International: West Conshohocken, PA, USA, 2007.

41. ISO 11358-1:2014. Plastics—Thermogravimetry (TG) of Polymers—Part 1: General Principles; International Organization for Standard-
ization: Geneva, Switzerland, 2014.

42. Rohles, C.M.; Gläser, L.; Kohlstedt, M.; Gießelmann, G.; Pearson, S.; Del Campo, A.; Becker, J.; Wittmann, C. A Bio-Based Route to
the Carbon-5 Chemical Glutaric Acid and to Bionylon-6,5 Using Metabolically Engineered Corynebacterium glutamicum. Green
Chem. 2018, 20, 4662–4674. [CrossRef]

43. François, C.; Pourchet, S.; Boni, G.; Rautiainen, S.; Samec, J.; Fournier, L.; Robert, C.; Thomas, C.M.; Fontaine, S.; Gaillard, Y.; et al.
Design and Synthesis of Biobased Epoxy Thermosets from Biorenewable Resources. Comptes Rendus Chim. 2017, 20, 1006–1016.
[CrossRef]

44. Cardona, F.; Sultan, M.T.B.H.; Abu Talib, A.R.; Ezzah, F.; Derahman, A. Interpenetrating Polymer Network (IPN) with Epoxidized
and Acrylated Bioresins and their Composites with Glass and Jute Fibres. BioResources 2016, 11, 11. [CrossRef]

45. Liu, W.; Xie, T.; Qiu, R. Improvement of Properties for Biobased Composites from Modified Soybean Oil and Hemp Fibers: Dual
Role of Diisocyanate. Compos. Part A Appl. Sci. Manuf. 2016, 90, 278–285. [CrossRef]

46. Monteiro, S.N.; Calado, V.; Rodriguez, R.J.S.; Margem, F.M. Thermogravimetric Behavior of Natural Fibers Reinforced Polymer
Composites—An Overview. Mater. Sci. Eng. A 2012, 557, 17–28. [CrossRef]

47. Richaud, E.; Guinault, A.; Baiz, S.; Nizeyimana, F. Epoxidized Linseed Oils Based Networks. Case of Thermal Degradation.
Polym. Degrad. Stab. 2019, 166, 121–134. [CrossRef]

http://doi.org/10.1016/0300-9440(94)00504-4
http://doi.org/10.1002/app.25788
http://doi.org/10.1007/s11746-012-2041-y
http://doi.org/10.17163/ings.n23.2020.06
http://doi.org/10.1002/app.33097
http://doi.org/10.3390/polym11020301
http://doi.org/10.1016/j.compositesb.2014.11.034
http://doi.org/10.1039/C8GC01901K
http://doi.org/10.1016/j.crci.2017.10.005
http://doi.org/10.15376/biores.11.1.2820-2838
http://doi.org/10.1016/j.compositesa.2016.07.018
http://doi.org/10.1016/j.msea.2012.05.109
http://doi.org/10.1016/j.polymdegradstab.2019.05.018

	Introduction 
	Materials and Methods 
	Materials Selection 
	Composite Manufacturing 
	Composite Characterization 

	Results and Discussion 
	Conclusions 
	References

