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Abstract: Fiber-reinforced composites (FRCs) represent a promising class of engineering materials
due to their mechanical performance. However, the vast majority of FRCs are currently manufactured
using carbon and glass fibers, which raises concerns because of the difficulties in recycling and the
reliance on finite fossil resources. On the other hand, the use of natural fibers is still hampered due
to the problems such as, e.g., differences in polarity between the reinforcement and the polymer
matrix components, leading to a significant decrease in composite durability. In this work, we present
a natural fiber-reinforced composite (NFRC), incorporating plasma pre-treated flax fibers as the
reinforcing element, thermoplastic polylactic acid (PLA) as a matrix, and a key point of the current
study—a thermoset coating based on epoxidized linseed oil for adhesion improvement. Using atmo-
spheric plasma-jet treatment allows for increasing the fiber’s surface energy from 20 to 40 mN/m.
Furthermore, a thermoset coating layer based on epoxidized linseed oil, in conjunction with dodecyl
succinic anhydride (DDSA) as a curing agent and 2,4,6-tris(dimethyl amino methyl) phenol (DMP-
30) as a catalyst, has been developed. This coated layer exhibits a decomposition temperature of
350 °C, and there is a substantial increase in the dispersive surface-energy part of the coated flax
fibers from 8 to 30 mN/m. The obtained natural fiber-reinforced composite (NFRC) was prepared
by belt-pressing with a PLA film, and its mechanical properties were evaluated by tensile testing.
The results showed an elastic modulus up to 18.3 GPa, which is relevant in terms of mechanical
properties and opens up a new pathway to use natural-based fiber-reinforced bio-based materials as
a convenient approach to greener FRCs.

Keywords: flax fibers; natural fiber-reinforced composite; epoxidized linseed oil; atmospheric
pressure plasma

1. Introduction

Composite materials are a highly versatile type of engineering material that results
from “combining two or several components, including reinforcing fibers and a polymer
matrix, to achieve specific properties” [1,2]. The matrix determines the composite’s shape,
the appearance of the surface, resistance to environmental processes, and general durability,
whereas the embedded fibers are responsible for bearing the structural loads and providing
stiffness and strength [3]. Traditionally, carbon fibers have been the default choice for
this purpose in lightweight construction. However, due to their reliance on petroleum
resources, non-renewability, and high energy consumption, there is a growing need for
more sustainable alternatives [1]. Natural fibers have become a viable option due to their
renewability and various options for pre- and post-treatment [2]. Their lighter weight
brings advantages like reduced fuel consumption and improved recycling opportunities.
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Natural fiber-reinforced composites (NFRCs) are commonly used in the automotive in-
dustry, particularly in door panels and linings, often combined with materials like epoxy,
thermoset resin, PLA, and polypropylene (PP). Beyond the automotive sector, fiber com-
posites have the potential for broad applications, ranging from aircraft components and
electronics to construction [4]. The forecast for the consumption of natural fiber composites
worldwide, prepared by Beijing Yubo Zhiye Market Consulting Co., showed three signifi-
cant regions for the development of natural fiber composites: North America, China and
Europe, from approximately 200 ten thousand ton in 2021 to near 300 in 2026 [5]. A crucial
factor that significantly influences the final performance of NFRCs is the interface between
the fiber and matrix [2]. Natural fibers are composed of cellulose and hemicellulose, which
contain hydroxyl groups that contribute to the fibers” hydrophilic and polar character-
istics, while most common matrix polymers are significantly more hydrophobic [6]. A
composite based on natural fibers bears significant risks of moisture uptake due to the
high polarity of the hydrophilic cellulose [7,8]. This weakens the bond between the fiber
and matrix, causing a reduction in interfacial adhesion and thus leading to microcracks in
the matrix and further composite degradation [7]. Another factor that could influence the
final composite performance is the reinforcement architecture of the fibers themselves [9]
or their lignin content [8]. Additionally, wax and pectin, both of which are ample in the
plant fiber’s surface, hinder interlocking with the polymer matrices, further degrading
interfacial performance [7]. Therefore, it is essential to modify the fiber surface chemically,
e.g., by alkali treatment [10], silane treatment [11], acetylation [12] or via corona or plasma
treatment, to adjust the surface energies between the fibers and the matrix. Among all
techniques, plasma treatment, using either inert or reactive gases, provides a mild and
physical treatment option for the activation of the fiber surface, thus further improving the
sustainability footprint of the material [13].

In addition to the above-mentioned chemical modification of the fiber surfaces, the
application of a functional interface layer between the fiber and the matrix may enhance
the bonding between them, thus avoiding microcracks in the matrix and further composite
degradation. Although thermoset matrices based, e.g., on epoxy chemistry, offer several
advantages, including, e.g., exceptional thermal and mechanical resilience and, notably,
excellent water resistance [3], these resins primarily rely on bisphenol A, a molecule subject
to considerable ecological and human health concerns [14]. Therefore, employing greener
alternatives is a viable option to improve the carbon footprint and the sustainability of
these composites. Consequently, in recent years, we have seen a significant increase in
the interest in developing resins derived from renewable sources, such as, e.g., vegetable
oils [14]. Resins based on epoxidized plant oils not only meet environmental standards but
also offer superior mechanical properties, comparable processing conditions, and reduced
material brittleness compared to bisphenol A-based alternatives [15]. In addition to the
matrix itself, the curing system of epoxides is worth investigating. Most of the epoxy
thermoset systems are prepared by hetero-polymerization mechanisms, utilizing alkaline
curing agents such as primary or secondary aliphatic amines or incorporating hardeners
such as, e.g., anhydrides [16]. Despite their advantages such as, e.g., a long pot life or
low viscosity, most of these are solids and therefore require elevated temperatures for
the resin preparation [17,18]. To solve this challenge, liquid anhydrides, such as nadic
methyl anhydride (NMA) or dodecyl succinic anhydride (DDSA), could be used due to
their miscibility with epoxy resins at room temperature [18]. In general, these systems
usually require a nucleophilic accelerator [18].

In this work, we describe a NFRC based on flax as the fiber material, using polylactide
(PLA) as the matrix and epoxidized linseed oil (ELO) as the interface layer between the
flax and PLA. This thermoplastic toughening of ELO-based resins (which are used pri-
marily for the interface layer but not as the bulk) has the potential, in a way, to improve
crack-propagation resistance [19] and enable us to prepare an ultra-lightweight reinforced
material [20,21]. In order to adjust the surface energy of flax fibers, a mild treatment based
on atmospheric plasma was investigated. For the interface layer, we used DDSA as the
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curing reagent, which is convenient to handle due to its liquid state and long aliphatic
chains, which generally reduce the brittleness of the final composite [18]. As the curing
agent of the ELO-based resins, we used tris(dimethylaminomethyl) phenol (DMP-30), a
tertiary amine. The three-step processing is shown in Figure 1a. Firstly, the flax fibers are
modified using an atmospheric-pressure plasma treatment, during which the surface free
energy (SFE) of the raw flax was increased from 24 to 35 mN/m. Secondly, a thermoset
coating based on epoxidized linseed oil was created as a thin layer, with a dispersive
surface energy up to 31 mN/m, which serves as an interface layer between the fibers and
the matrix. Lastly, the coated fibers were embedded in PLA as the main matrix material.
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Figure 1. (a) Schematic of the preparation of natural fiber-reinforced composite (NFRC): 1. Plasma
pretreatment of the fiber surface; 2. Application of the fiber coating based on epoxidized linseed oil;
3. Infusion of the fibers with PLA as matrix material; (b) Monomers for the resin formulation: ELO,
DDSA and DMP-30.

2. Materials and Methods
2.1. Materials

Raw flax tape (density 110 g/m?, unidirectional) was supplied by Ecotechnilin (Valli-
querville, France), and non-woven flax (density 270 g/m?, cross-stitched) was supplied by
Ecco Gleitwing (Tokyo, Japan). Epoxidized linseed oil (oxirane content 8.5-9.5%) [22]
as a resin was purchased from Hobum Oleochemicals GmbH (Hamburg, Germany).
Moreover, 2-Dodecenyl succinic-acid anhydride (90% purity) as a curing agent and
2,4,6-Tris(dimethylaminomethyl) phenol (95% purity) as catalyst were purchased from
SERVA (Heidelberg, Germany). Luminity L105 polylactic acid neat resin (density 124 g/ m3,
melting temperature 175 °C) was purchased from Total Corbion (Gorinchem, The Nether-
lands). All products were used as received.
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2.2. Methods
2.2.1. Plasma Pretreatment

In this work, two types of flax were investigated: raw flax tape, as the material of
interest (named shorty as M;), and non-woven flax as a reference sample (named My),
because of its flat fiber-bonded surface free from organic contaminants [23]. The fiber
surface was treated by an atmospheric pressure plasma jet (APPJ) using the Arcojet PG
051P (Arcotec, Monsheim, Germany). We investigated two parameters during the plasma
treatment, i.e., the number of treatment cycles (one cycle is a full sweep of the sample at a
speed of 2.6 m/min) and the type of gas used during plasma treatment. Here, air plasma is
used for the reactive etching of the surface, i.e., for increasing the surface roughness and
introducing oxygen surface functional groups. As an alternative, nitrogen was investigated,
which allows for introducing nitrogen functional groups such as, e.g., amines [10]. The
flowrate for air and nitrogen were 90 and 80 ltr/h, respectively.

2.2.2. Resin Preparation

ELO was diluted with DDSA and DMP-30. The resulting mixture was homoge-
nized at an ambient temperature in an ultrasonic stirrer for 5 min. The ratio of the
components—ELO:DDSA:DMP-30—was fixed at 100:45.45:6 in fractions by weight. The
curing speed of this system at room temperature is negligible and requires elevated pro-
cessing temperatures [17].

2.2.3. Coating Application

The flax substrates were placed inside a chamber and spray-coated with a spray gun
(decor spray-gun W3/W3F by Alfred Schiitze Apparatebau GmbH, Weyhe, Germany)
using nitrogen at a pressure of 1 bar. The distance between the sample and the nozzle
was fixed at 10 cm, and spraying was performed for 20 s. The coated fiber surface was
subsequently cured at 180 °C for 20, 30 and 40 min in an oven (UT12 by Thermo Heraeus,
Hanau, Germany).

2.2.4. Preparing the NFRC

For the tensile test, the laminates with a thickness of 1 mm were prepared. The fiber
layer was stacked between PLA films in a 0° direction and laminated at 200 °C, a pressure of
1 bar, and at speeds of 1 and 2.5 m/min by a double-band press Meyer KFK-E 1100 (Herbert
Meyer Maschinenfabrik GmbH, Roetz, Germany) for continuous laminate production. The
fiber content was held constant at 40 wt. %.

2.2.5. Characterization

Contact angle (CA) measurements were performed using a DSA100M drop shape
analyzer (Kriiss, Hamburg, Germany). The calculation of the surface free energy of samples
and the polarity contribution were carried out using Advance 1.17-01 software by Kriiss.
For the evaluation of surface tension, two types of liquids with known polar and dispersed
parts were used. In the case of raw flax tape, water and white oil were used, while for
the non-woven flax, ethylene glycol was chosen as a polar liquid. Since the surface of
the reference material was pretreated by the manufacturer, it was free from fats or other
organics that usually prevent fast water absorption. The reported values of the CA are the
mean value and standard deviations of ten measurements at ten different locations of the
samples, respectively. The characterization of the surface chemistry of plasma-treated fiber
surfaces was conducted by utilizing Attenuated Total Reflection—-Fourier Transform Infrared
(FTIR-ATR) using a Routine Spectrometer (Bruker, Ettlingen, Germany) on spectra from
4000 to 400 cm ™! (recording spectra: 64, resolution: 4 cm~!) and analyzed using OPUS
8.5 (SP1) Build 8.7.10 software (Bruker, Germany). Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) measurements were carried out on an STA
449 F1 Jupiter (Netzsch, Waldkraiburg, Germany), using Proteus 5.2.1 software (Netzsch,
Germany). To characterize the thermal stability, the sample were placed in alumina vessels
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and heated at 10 K/min from 0 to 600 °C with a helium flow rate of 30 mL/min. Indium
standards were used for the calibration of temperature and enthalpy. Static tensile tests
were conducted at 23 °C using a 2.5 kN load cell on a Zwick Z050—ZwickRoell (Ulm,
Germany). Following the DIN EN ISO 527 standard [24], the tensile strength of the prepared
composites was assessed at a testing speed of 2 mm/min. Each specimen measured 150 mm
in length and 15 mm in width, with an external clamp gauge (makroXtens—ZwickRoell)
length of 50 mm and a length of 110 mm between the grips during testing. For each
set of conditions (curing times and processing speed of the press), three samples were
prepared. The morphology of the cryofractured surfaces of the materials was examined by
scanning electron microscopy (SEM) using a FEI Quanta 3D FEG (GFZ Helmoltz centre
Potsdam, Potsdam, Germany), with an Everhart-Thornley detector and an acceleration
voltage of 5 kV.

3. Results and Discussion
3.1. Plasma Pretreatment of the Fibers

The main motivation for the plasma pre-treatment was to achieve surface cleaning
(to remove organic contaminations such as waxes or fats) and surface functionalization to
improve interface strength, increase the surface area, and activate all bonding mechanisms
responsible for adhesion—mechanical, physical, and chemical [25]. As stated, different
surface functionalization types were expected from atmospheric and nitrogen gas. In-
creasing the surface free energy (SFE) through the introduction of polar surface groups
improves the wetting of the fibers by the matrix material [26,27]. Figure 2 shows that the
SFE was increased for both flax types under all treatment conditions, reaching increases
from approximately 33 to 40 mN/m for non-woven flax and from 24 to 35 mN/m for raw
flax tape (Table S1). Based on the experimental results, which show relatively low SFE
values for the raw flax after several treatments and nearly equivalent SFE results with
non-woven flax after 10 cycles, we assume that the outer hydrophobic layer of the tested
fiber surface is likely removed prior to the attachment of functional groups [28,29].

Number of cycles
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Figure 2. Influence on the increase in SFE as a function of cycle number and gas type during plasma
treatment of both flax types. Higher increases in SFE are found with higher cycle numbers. Air plasma
yielded higher SFE increases in all cases. Displayed data are mean and average of 10 measurements
at different locations on the sample.
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The SFE energy increase is due to the introduction of chemical functional groups, such
as ketone, carboxylic, aldehyde, and nitro groups on the surface [27], which we investigated
using FTIR-ATR spectroscopy (Figure 3). The two main wavenumber ranges where the
chemical change was noticed were 2850 and 1600 cm~!. These bands are attributed to
the cleaning of the surface by plasma treatment [29] and thus correlated to the removal of
methyl and methylene groups of waxes (peaks 2860 and 2846 cm~!) and the decrease in
aromatic groups of lignin or change in water content, respectively. According to the FTIR
analysis, utilizing air plasma offers a stronger effect compared to pure nitrogen, which
is most likely due to the longer radiative lifetime, according to the data on the required
excitation energy and radiative lifetime of particles [13,29].

//

1 10 times treatment
Not treated
Air
Nitrogen

Absorbance [a.u.]

b

/
11

T T T T T T T
3000 2900 2800 2700 1600 1500

Wavenumber [cm™]

Figure 3. Characterization of the surface chemical structure of non-woven flax by FTIR-ATR. Com-
parison of spectra of samples treated for 10 cycles by air or nitrogen plasma. Stronger effects are
found for the reactively treated samples, i.e., using air plasma.

3.2. Characterization of ELO Resin

Differential scanning calorimetry (DSC) was carried out in order to establish the curing
temperatures of the epoxy resin. Complete curing was found to be achieved at 250 °C
after exothermal onset starting at 108 °C. The decomposition of the resin was found via
thermal gravimetric analysis (TGA) at around 358 °C, with an overall mass loss of 98.9%.
The summarized data of DSC and TGA tests are presented Figure 4 and Table 1.

Table 1. Thermal analysis of the ELO resin via DSC and TGO: Glass transition temperature (Tg), reac-
tion and decomposition enthalpy (AH; and AHg), the temperature of the reaction and decomposition
and their respective intervals (T, and Ty).

o T; [°C] and Reaction T4 (DSO) [°C] and T4 (TGA) Weight Loss
Ty °cl AH: [J/gl Interval AHq /gl Decomposition Interval [°C] [%]
96.1 162 155.5 (108-250) 91.8 361.6 (315-412) 358.3 98.9
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Figure 4. DSC thermogram of the ELO resin displaying glass transition (Tg), recrystallization (T;)
and decomposition (Ty).

In order to further elucidate the adhesion compatibility of the components in the com-
posite, we compared SFE values of pure (plasma untreated), treated fibers and ELO-coated
fibers (Figure 5). The high polar part of the SFE of plasma-treated fibers (36.5 mN/m polar
part and 7.47 N/m dispersive part) leads to better adhesion strength [26] and improves
compatibility with the ELO coating in the next step of composite preparation. The SFE
of ELO-coated fibers showed rather hydrophobic behavior, an 31.49 mN/m dispersive
part and an 0.01 N/m polar part, while SFE values of the fibers, which went through
all preparation steps, such as plasma treatment, ELO coating and then plasma treatment
again, became similar to those of the not-treated one (SFE of 28.78 mN/m compared with
SFE of not treated 32.86 mN/m). Since one of the aims of this work was to achieve good
adhesion between hydrophilic fibers and the relatively hydrophobic thermoplastic PLA
matrix (water CA ~70°) [30], further plasma treatment after ELO coating was not necessary
to proceed.
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Figure 5. SFE comparison of non-treated, plasma-treated sample, ELO-coated fibers before and after

plasma treatment.
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3.3. Mechanical Characterization of the Prepared NFRC

The mechanical properties of the prepared composites are summarized in Table 2. For
the mechanical evaluation, the final NFRC samples were measured with the following
parameters to find the optimal composite preparational conditions:

o Different precured times (20, 30 or 40 min) for the ELO coating.
e  Different proceeding speeds of the belt pressing for PLA infusion (1 m/min—referred
to as [; 2.5 m/min—referred to as II).

As can be seen from Figure 6, the composite containing the ELO coating cured for
20 min, which was further belt-pressed with PLA at speeds of 2.5 m/min, showed the
highest elastic modulus value, i.e., 18.3 GPa (Table S2).

Processing Speed
[ I I I | I [ I
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3 = 159 ' 16.5
— 14.8 [ >
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® 154 J J
F [
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o
2 104
Q
®
©
LLl
5_
0
Reference 20 30 40

Precuring Time [min]

Figure 6. Young’s modulus of the prepared NFRC prepared varying the curing times of the ELO
coatings as well as speed of the belt process (1 m/min—TI; 2.5 m/min—II).

For a better understanding of the mechanical performance of the composite, the
tensile test results were compared with values reported in the literature. The Young's
modulus of the prepared ELO composite was found to be higher than the 7.3 GPa ob-
served for PLA /40 wt. % flax composites [31]. The same authors studied the effect of
adding a triacetin plasticizer (Tri) to PLA, which did not enhance mechanical properties
(7.3 GPa for PLA/5 wt. % Tri/40 wt. % flax). Both of these composites were prepared
using extrusion—a process that can subject fibers to shearing, potentially leading to fiber
degradation and lower mechanical performance [32]. In the current study, the fibers were
subjected to multiple heating cycles during ELO curing and belt-pressing, yet the results
remained relatively high and should be carefully considered in each specific case. The high
standard deviation (5.D.) of tensile stress could be explained by not-uniform loading during
the composite preparation and could be improved by varying manufacturing techniques,
compression modeling, or using a hand lay-up ore belt-press.

The tensile properties of NFRCs are mostly affected by the interfacial adhesion between
the resin and fibers and the fiber volume fraction in the matrix resin. The value of the latter
could be determined by a fiber content of 40-50 wt. % for an injection-molded thermoplastic
matrix [33]. Also, this leads to the load distribution moving to the fibers and not the matrix;
therefore, there is a decreased risk of failure of the whole composite [6].
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Table 2. The mechanical properties of prepared NFRC.

Material Young's Modulus S.D Tensile Stress S.D Elongation to S.D
(Curing Time/Speed) [GPa] . [MPa] . Break [%] e
Ref/I 18.3 0.3 195.5 2.1 12 0.1

Ref/I 18.1 2.7 182.2 7.4 12 0.1

20 min/I 14.8 1.8 162.5 4 1.1 0.1
20 min/1II 18.3 0.2 171.1 4.6 1 0.04

30 min/I 159 1.6 147.7 12.4 0.8 0.2

30 min/II 17.7 04 147.4 1.2 0.9 0.01

40 min/1 15.9 2.7 131.7 4.5 0.9 0.2
40 min/II 16.5 0.6 143.8 1.9 1 0.04

To obtain detailed topographical information about the adhesion interphase, cryofrac-
tures of the composite were generated and analyzed by SEM (Figure 7). As can be seen,
fibers had a tendency to aggregate in bundles; this could be a consequence of not-uniform
ELO coating and became one of reasons for the decreasing mechanical performance of
the composite. Additionally, failure at the fracture is due to bulk material breaking, as no
fiber /matrix debonding was observed.

Fiber pull-out

Good adhesion fiber-

\ matrix

Figure 7. SEM micrographs of cryofractured NFRC: (a) Reference sample with plasma-treated fibers
(five cycles under the air). Further figures: plasma-treated fiber samples (same preparation as for the
reference) and then with precured fiber coating for min and belt-pressed with the speed: (b) 20 min
and 1 m/min; (¢) 30 min and 1 m/min; (d) 40 min and 2.5 m/min.
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4. Conclusions

In this work, we demonstrated the suitability of atmospheric plasma-treated natural
fibers as a suitable material for generating all-bio-based NFRCs. The effect of the gas type
and time of treatment on surface functionalization was evaluated. The results showed an
SFE increase from 20 to 40 mN/m and also a change in the chemical group content on the
fiber surface—that is, the removal of organic contaminations, which is used to prevent
interlocking. Secondly, we introduced an interface layer based on a green alternative epoxy
system, i.e., ELO, which enhances surface adhesion between the hydrophilic fibers and
a relatively hydrophobic thermoplastic matrix material, PLA. For the preparation of the
ELO resin, we used the tertiary amine DMP-30 as a catalyst and DDSA as a curing agent.
As the latter is a liquid miscible in epoxy resin anhydride, the formulation of the resin is
a room-temperature process, thus enhancing the economic and environmental benefits
of the system. ELO coatings of the fibers afforded a highly dispersive SFE, significantly
improving wetting and adhesion by and with the hydrophobic thermoplastic PLA film. The
SEM analysis of cryofractured NFRCs after belt pressing showed good adhesion between
the fibers and matrix.

This work might be instrumental for the further development in the field of NFRCs,
which have thus far become a viable alternative to conventional carbon fiber-based FRCs,
enhancing the sustainability and economic feasibility of this important high-performance
material system.

Future challenges in the development of NFRCs could focus on enhancing thermoset
preparation, such as reducing the amount of anhydride and catalyst, and improving
the reactivity of the main thermoset component (epoxidized linseed oil) by replacing it
with more chemically reactive acrylated epoxidized plant oil, which contains not only
epoxy rings but also hydroxyl groups [34-37]. Additionally, conducting fracture tests
on anti-parallel oriented laminates could provide deeper insights into their mechanical
performance [38].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/mal7174244/s1, Table S1: Surface energy values of raw flax tape(M1)
and non-woven flax (M2), where air plasma is indicated as A and nitrogen as N, ELO — short name
for cured resin and the last number shows the number of treatment cycles; Table S2: Composite
processing data.

Author Contributions: Conceptualization, N.T., B.E.R. and S.S.; methodology, S.S.; validation, S.S.;
formal analysis, S.S.; investigation, S.S. and N.T.; resources, N.T.; writing—original draft preparation,
S.S.; writing—review and editing, B.E.R. and N.T.; visualization, S.S.; supervision, B.E.R. and N.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Laboratory of Process Technology, University of Freiburg,
Georges-Kohler-Allee 103, 79110 Freiburg im Breisgau, Germany.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to acknowledge David Hartung for advising and
Benjamin Tillner and Frank Nagel for preparing the belt-pressed composite.

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


https://www.mdpi.com/article/10.3390/ma17174244/s1
https://www.mdpi.com/article/10.3390/ma17174244/s1

Materials 2024, 17, 4244 11 of 12

References

1. Weyhrich, C.W.; Petrova, S.P,; Edgar, K.J.; Long, T.E. Renewed Interest in Biopolymer Composites: Incorporation of Renewable,
Plant-Sourced Fibers. Green Chem. 2023, 25, 106-129. [CrossRef]

2. Gholampour, A.; Ozbakkaloglu, T. A Review of Natural Fiber Composites: Properties, Modification and Processing Techniques,
Characterization, Applications. J. Mater. Sci. 2020, 55, 829-892. [CrossRef]

3. Hartung, D.; Celevics, S.; Hirsch, P.; Jahn, I.; Kneisel, L.; Kolzig, K.; Matthes, A.; Cebulla, H. Manufacturing and Analysis of
Natural Fiber-Reinforced Thermoplastic Tapes Using a Novel Process Assembly. Sustainability 2023, 15, 6250. [CrossRef]

4. Pecas, P; Carvalho, H.; Salman, H.; Leite, M. Natural Fibre Composites and Their Applications: A Review. J. Compos. Sci. 2018, 2, 66.
[CrossRef]

5. Sun, Z.; Duan, Y.; An, H.; Wang, X_; Liang, S.; Li, N. Research Progress and Application of Natural Fiber Composites. ]. Nat. Fibers
2023, 20, 2206591. [CrossRef]

6. Zwawi, M. A Review on Natural Fiber Bio-Composites, Surface Modifications and Applications. Molecules 2021, 26, 404.
[CrossRef]

7. Mohammed, M.; Rahman, R.; Mohammed, A.M.; Adam, T; Betar, B.O.; Osman, A.F,; Dahham, O.S. Surface Treatment to Improve
Water Repellence and Compatibility of Natural Fiber with Polymer Matrix: Recent Advancement. Polym. Test. 2022, 115, 107707.
[CrossRef]

8. Marcuello, C.; Chabbert, B.; Berzin, F.; Bercu, N.B.; Molinari, M.; Aguié-Béghin, V. Influence of Surface Chemistry of Fiber and
Lignocellulosic Materials on Adhesion Properties with Polybutylene Succinate at Nanoscale. Materials 2023, 16, 2440. [CrossRef]

9.  Charca, S.; Jiao-Wang, L.; Santiuste, C. Influence of Reinforcement Architecture on Behavior of Flax/PLA Green Composites
under Low-Velocity Impact. Materials 2024, 17, 2958. [CrossRef]

10. Meon, M.S.; Othman, M.E; Husain, H.; Remeli, M.E; Syawal, M.S.M. Improving Tensile Properties of Kenaf Fibers Treated with
Sodium Hydroxide. Procedia Eng. 2012, 41, 1587-1592. [CrossRef]

11. Kabir, M.M.; Wang, H.; Lau, K.T.; Cardona, F; Aravinthan, T. Mechanical Properties of Chemically-Treated Hemp Fibre Reinforced
Sandwich Composites. Compos. Part B Eng. 2012, 43, 159-169. [CrossRef]

12.  El Boustani, M.; Lebrun, G.; Brouillette, F; Belfkira, A. Effect of a solvent-free acetylation treatment on reinforcements permeability
and tensile behaviour of flax/epoxy and flax/wood fibre/epoxy composites. Can. J. Chem. Eng. 2017, 95, 1082-1092. [CrossRef]

13.  Thomas, S. Non-Thermal Plasma Technology for Polymeric Materials: Applications in Composites, Nanostructured Materials and Biomedical
Fields; Elsevier: Cambridge, MA, USA, 2019.

14. Pin, ].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] [PubMed]

15. Todorovic, A.; Resch-Fauster, K.; Mahendran, A.R.; Oreski, G.; Kern, W. Curing of Epoxidized Linseed Oil: Investigation of the
Curing Reaction with Different Hardener Types. |. Appl. Polym. Sci. 2021, 138, 50239. [CrossRef]

16. Goodman, S.H.; Dodiuk-Kenig, H. Handbook of Thermoset Plastics, 3rd ed.; Elsevier: Cambridge, MA, USA, 2014.

17.  Sukanto, H.; Raharjo, W.W.; Ariawan, D.; Triyono, J.; Kaavesina, M. Epoxy Resins Thermosetting for Mechanical Engineering.
Open Eng. 2021, 11, 797-814. [CrossRef]

18. Ramaswamy, R.; Achary, P.S.; Shine, K.G. The Synthesis and Characterization of Dodecenyl Succinic Anhydride (DDSA)—A
Curing Agent for Epoxy Resins. J. Appl. Polym. Sci. 1987, 33, 49-65. [CrossRef]

19. Kyriazis, A; Kilian, R.; Sinapius, M.; Rager, K.; Dietzel, A. Tensile Strength and Structure of the Interface between a Room-Curing
Epoxy Resin and Thermoplastic Films for the Purpose of Sensor Integration. Polymers 2021, 13, 330. [CrossRef]

20. Hodgkin, J.H.; Simon, G.P; Varley, R.J. Thermoplastic Toughening of Epoxy Resins: A Critical Review. Polym. Adv. Technol. 1998,
9, 3-10. [CrossRef]

21. Bauer, P; Becker, Y.N.; Motsch-Eichmann, N.; Mehl, K.; Miiller, I.; Hausmann, J. Hybrid Thermoset-Thermoplastic Structures:
An Experimental Investigation on the Interface Strength of Continuous Fiber-Reinforced Epoxy and Short-Fiber Reinforced
Polyamide 6. Compos. Part C Open Access 2020, 3, 100060. [CrossRef]

22. Epoxidized Linseed Oil Supplier—Hobum Oleochemicals GmbH. Available online: https://www.hobum.de/de/produkt-
kategorie/epoxidierte-ester-und-oele/ (accessed on 29 February 2024).

23. Smith, J.; Doe, A.; Brown, C. Surface modification of flax nonwovens for the development of sustainable, high performance, and
durable calcium aluminate cement composites. J. Sustain. Mater. Technol. 2016, 15, 123-135.

24. DIN EN ISO 527; Kunststoffe—Bestimmung der Zugeigenschaften—Teil 1: Allgemeine Grundsétze (ISO 527-1:2019); Deutsche
Fassung EN ISO 527-1:2019. DIN Deutsches Institut fiir Normung: Berlin, Germany, 2019.

25. van Dam, ].PB.; Abrahami, S.T,; Yilmaz, A.; Gonzalez-Garcia, Y.; Terryn, H.; Mol, ].M.C. Effect of surface roughness and chemistry
on the adhesion and durability of a steel-epoxy adhesive interface. Int. . Adhes. Adhes. 2020, 96, 102450. [CrossRef]

26. Baldan, A. Adhesion Phenomena in Bonded Joints. Int. ]. Adhes. Adhes. 2012, 38, 95-116.

27. Camargo, ].5.G.D.; Menezes, A.].D.; Cruz, N.C.D.; Rangel, E.C.; Delgado-Silva, A.D.O. Morphological and Chemical Effects of
Plasma Treatment with Oxygen (O2) and Sulfur Hexafluoride (SF6) on Cellulose Surface. Mat. Res. 2018, 20 (Suppl. S2), 842-850.
[CrossRef]

28. Baltazar-y-Jimenez, A,; Bistritz, M.; Schulz, E.; Bismarck, A. Atmospheric air pressure plasma treatment of lignocellulosic fibers:

Impact on mechanical properties and adhesion to cellulose acetate butyrate. Compos. Sci. Technol. 2008, 68, 215-227. [CrossRef]


https://doi.org/10.1039/D2GC03384D
https://doi.org/10.1007/s10853-019-03990-y
https://doi.org/10.3390/su15076250
https://doi.org/10.3390/jcs2040066
https://doi.org/10.1080/15440478.2023.2206591
https://doi.org/10.3390/molecules26020404
https://doi.org/10.1016/j.polymertesting.2022.107707
https://doi.org/10.3390/ma16062440
https://doi.org/10.3390/ma17122958
https://doi.org/10.1016/j.proeng.2012.07.354
https://doi.org/10.1016/j.compositesb.2011.06.003
https://doi.org/10.1002/cjce.22777
https://doi.org/10.1002/cssc.201403262
https://www.ncbi.nlm.nih.gov/pubmed/25754910
https://doi.org/10.1002/app.50239
https://doi.org/10.1515/eng-2021-0078
https://doi.org/10.1002/app.1987.070330105
https://doi.org/10.3390/polym13030330
https://doi.org/10.1002/(SICI)1099-1581(199801)9:1%3C3::AID-PAT727%3E3.0.CO;2-I
https://doi.org/10.1016/j.jcomc.2020.100060
https://www.hobum.de/de/produkt-kategorie/epoxidierte-ester-und-oele/
https://www.hobum.de/de/produkt-kategorie/epoxidierte-ester-und-oele/
https://doi.org/10.1016/j.ijadhadh.2019.102450
https://doi.org/10.1590/1980-5373-mr-2016-1111
https://doi.org/10.1016/j.compscitech.2007.04.028

Materials 2024, 17, 4244 12 of 12

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Smolkova, B.; Adam, F; Uzhytchak, M.; Lunova, M.; Kubinova, S.; Dejneka, A.; Lunov, O. Critical Analysis of Non-Thermal
Plasma-Driven Modulation of Immune Cells from Clinical Perspective. Int. |. Mol. Sci. 2020, 21, 6226. [CrossRef]

Zigon, J.; Kariz, M.; Pavli¢, M. Surface Finishing of 3D-Printed Polymers with Selected Coatings. Polymers 2020, 12, 2797.
[CrossRef]

Oksmana, K.; Skrifvars, M.; Selin, J.-F. Natural fibres as reinforcement in polylactic acid (PLA) composites. Compos. Sci. Technol.
2003, 63, 1317-1324. [CrossRef]

Bodros, E.; Pillin, I.; Montrelay, N.; Baley, C. Could biopolymers reinforced by randomly scattered flax fibre be used in structural
applications? Compos. Sci. Technol. 2007, 67, 462—470, ISSN 0266-3538. [CrossRef]

Pickering, K.L.; Aruan Efendy, M.G.; Le, TM. A review of recent developments in natural fibre composites and their mechanical
performance. Compos. Appl. Sci. Manuf. 2016, 83, 98-112, ISSN 1359-835X. [CrossRef]

Liu, Z.; Kraus, G.; Clark, J. Photo-cured Materials. In Vegetable Oils in Green Materials from Plant Oils; Liu, Z., Kraus, G., Eds.; The
Royal Society of Chemistry: Cambridge, UK, 2015; pp. 1-24.

Bocherer, D.; Li, Y.; Kluck, S.; Nekoonam, N.; Zhu, P.; Rapp, B.E.; Kotz-Helmer, F; Helmer, D. COLOR3D—Multicolored 3D
printing of wood composites by submicron structuring. Addit. Manuf. 2023, 75, 103723. [CrossRef]

Jaques, N.G.; Pereira Barros, J.J.; Dayane Dos Santos Silva, I.; Popp, M.; Kolbe, J.; Ramos Wellen, R.M. New Approaches of Curing
and Degradation on Epoxy/Eggshell Composites. Compos. Part. B Eng. 2020, 196, 108125. [CrossRef]

Han, Y.; Wang, Z.; Zhao, S.; Wang, J. AC Impedance Function of Electrochemical Working Station as Novel Curing Degree
Monitor Method: A Model Curing System of Epoxy/Anhydride/DMP-30. Measurement 2019, 145, 600-610. [CrossRef]

Chang, B.P.,; Mohanty, A.K.; Misra, M. Studies on Durability of Sustainable Biobased Composites: A Review. RSC Adv. 2020, 10,
17955-17999. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ijms21176226
https://doi.org/10.3390/polym12122797
https://doi.org/10.1016/S0266-3538(03)00103-9
https://doi.org/10.1016/j.compscitech.2006.08.024
https://doi.org/10.1016/j.compositesa.2015.08.038
https://doi.org/10.1016/j.addma.2023.103723
https://doi.org/10.1016/j.compositesb.2020.108125
https://doi.org/10.1016/j.measurement.2019.05.103
https://doi.org/10.1039/C9RA09554C

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Plasma Pretreatment 
	Resin Preparation 
	Coating Application 
	Preparing the NFRC 
	Characterization 


	Results and Discussion 
	Plasma Pretreatment of the Fibers 
	Characterization of ELO Resin 
	Mechanical Characterization of the Prepared NFRC 

	Conclusions 
	References

