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Abstract: The present study examined the effect of biobased molecules grafted onto wrapped flax
rovings on the mechanical properties of fabrics designed for epoxy-based biocomposites, aiming to
optimize fiber/matrix adhesion. Biobased solutions, such as tannins from quebracho, were used to
treat wrapped flax rovings in comparison to a non-biobased aminosilane solution used as a reference.
The chemical treatment is performed using an innovative lab-scale impregnation line. The influence
of the solution concentration has been investigated. SEM-EDX and FT-IR confirmed the grafting
efficiency of molecules on wrapped rovings. Plain and 5-harness satin fabrics were then manufactured
at lab scale with the resulting functionalized rovings. Tensile tests were carried out on rovings and on
fabrics. A concentration of 1% silane is sufficient to improve the mechanical properties of rovings
and fabrics. The addition of NaOH to tannins strengthens flax fiber rovings more than tannins alone,
and the weave pattern influences mechanical performance.

Keywords: wrapped flax rovings; weaving; flax fabrics; quebracho tannins; impregnation line;
mechanical properties

1. Introduction

Most composite materials are currently produced using non-renewable reinforcing
materials, such as glass, carbon, and aramid fibers. But growing environmental awareness
has nowadays driven efforts to develop composite materials reinforced by lignocellulosic
fibers such as flax, hemp, jute, kenaf, and sisal fibers [1–6]. As mentioned by Rangappa
and Siengchin [7] in their article, they offer an in-depth analysis of lignocellulosic fibers,
and their use as reinforcements in biocomposites. They highlight many new prospects and
potentials for plant fibers to serve as alternatives to conventional fibers such as glass fibers,
helping to strengthen their market position. These biocomposites represent challenging
alternatives due to their versatile properties, such as low density, great specific mechan-
ical properties, low cost, and environmental benefits [8–11] even if their fire resistance
and hydrophilicity need to be challenged. The mechanical properties of biocomposites
depend mainly on the nature of the reinforcing fibers, on the fiber volume fraction, on
their architecture (short fiber, non-woven yarns, rovings, unidirectional preforms, woven
fabrics, etc.), and on their manufacturing technique (infusion, extrusion, injection molding,
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thermocompression molding, resin transfer molding (RTM)) [11]. Flax fibers are of particu-
lar interest, and many studies and some reviews focus on their competitiveness and their
ability to reinforce polymer matrices, such as polypropylene, polylactic acid, (bio-)epoxy
resin, bio-phenolic (or tannin) resin, and a few others [12,13]. Standards and guidelines
come along with biobased products, such as those dedicated to the determination of the
tensile properties of flax fibers [14]. The use of flax fibers as short fibers by injection molding
or extrusion results in composites with limited mechanical properties dominated by the
properties of the matrix. But the use of long fibers as reinforcement in composite materials
may allow us to exploit their properties, and improve their mechanical performances. Most
studies on flax biocomposites are focused on the use of long fiber reinforcements in the form
of unidirectional (UD) preforms composed of aligned fibers that present better uniaxial
mechanical properties in the fiber alignment direction [15–17]. Few studies have investi-
gated the behavior of composite materials reinforced by woven fabrics [16–21]. Indeed,
woven fabric manufacturing consists of interlacing a set of warp linear structures with a set
of crossing weft linear structures, which can be twisted threads to give sufficient inter-fiber
cohesion to the roving. However, with significant twisting, rovings become more compact,
which might prevent a good wetting of the fibers during composite manufacturing. For
this reason, wrapped rovings could be considered challenging alternatives as they may
induce an improvement in the roving weaveability and mechanical properties without
any microstructural modification of the fiber [22]. The wrapping process presents a good
alternative to improving these mechanical performances with a low environmental impact
because no modification is required, neither of the microstructure nor of the chemical
composition [23]. Corbin et al. [23] showed that the wrapping process improves the me-
chanical performance of hemp rovings by 50%. PLA/hemp co-wrapped hybrid yarns
were produced by the wrapping process and used for the manufacturing of composite
materials [24]. They demonstrated that the tensile and flexural strengths of the composites
were improved due to the decrease in porosity resulting from the wrapping process. On
the other hand, the mechanical properties of the resulting biocomposites are strongly af-
fected by the fibers surface physico-chemistry. Indeed, the polar components of the surface
energy of flax fibers make them difficult to wet with epoxy matrix. It has been proven by
Liotier et al. [24], that this difference between fiber surface energy and liquid resin surface
tension components leads to micro-void formation at the surface of fibers. The micro-void
ratio has a major effect on the mechanical behavior of composites that could outmatch the
potential benefits to fiber and yarn mechanical performance [25]. This is why modifying
the surface properties of fibers at the scale of yarns and fabrics is of first interest in the
manufacturing of performant composites [26,27]. Teraube et al. [28] recently carried out a
study that demonstrates that surface modifications of flax fibers can reduce their polarity.
This modification allows the treated fibers to become more compatible with polymers with
low polar components for the surface tension. A detailed and comprehensive description
of the challenges and solutions associated with lignocellulosic fiber-reinforced polymer
composites was also reviewed by Ramachadran et al. [29] or Sanjay et al. [6]. The authors
point out numerous efficient chemical (pre-) treatments on natural fibers to reduce their hy-
drophilic nature by eliminating hydroxyl groups. Among them, alkaline pre-treatment was
the simplest and most cost-effective, whereas silane, permanganate, benzoyl chloride, acetic
acid, and maleic anhydride-grafted polypropylene (MAPP) yielded good results too. This
last one is actually a challenging coupling agent, used to strengthen the adhesion between
the fibers, usually glass or cellulose fibers, and the polymeric matrix, mainly thermoplastic
polyolefin-based resin such as polypropylene (PP). As concerns silane coupling agents,
numerous studies demonstrate that they are the most widely used molecules to improve the
compatibility and interfacial adhesion between natural fibers and polymer matrices [30–36].
Organosilane coupling agents are generally used for glass fiber sizing [36–39] and more
recently for functionalization of lignocellulosic fibers [32,40]. Different lignocellulosic fibers
were silanized, including pure cellulose [41], hemp fibers [42,43], cotton fibers [44], flax
fibers [42,45,46], ramie fibers [47], sisal fibers [48,49], kenaf fibers [42,50]. Organosilane
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chemical structure is designed to form covalent bonds at the fiber-matrix interface, as the
silanol group may react with the hydroxyl groups of the lignocellulosic fibers while the
organic group (with amino-, vinyl-, and methacryl-functions for example) may react with
functional groups of the matrix [23,33]. Hasan et al. [51] reviewed recent progress in the
use of organosilanes as coupling agents for lignocellulosic fibers in biocomposites. Other
approaches are emerging, including the use of biobased molecules as coupling agents.
Acera Fernández et al. [52] used amino acids and polysaccharides as coupling agents to
improve the flax fiber/matrix interface in epoxy-based composites. Chitosan has also been
used for cotton [53] and flax modification [54]. Laccase has been used in combination with
diethylene glycol (DEG) to chemically modify jute fibers, increasing their hydrophobicity
and making them suitable for composite reinforcement [55]. In this study, tannins were
chosen as bio-based molecules. Tannins are phenolic biopolymers found in most plant
species and play an important role in protecting trees from predation and other types of
environmental stress. Tannins, which are divided into condensed polymers composed of
flavonoid-based subunits and hydrolyzable tannins, which include two subclasses such
as gallotanins and ellagitanins [56], have aroused scientific interest due to their pheno-
lic polyaromatic structure. Hydrolyzable tannins are polymers containing a central core
of polyalcohol, such as glucose or osidic core, linked partially or entirely to gallic acid
(gallotanins) or to hexahydroxydiphenic acid (ellagitanins) via ester connections [56,57].
Condensed tannins are obtained by polymerizing flavanols in the form of oligomeric
structures, 3 to 8 flavonoid repeat units are required to form oligomers. Each flavonoid is
composed of two phenolic rings (A and B) with different reactivities [58]. Condensed and
hydrolyzable tannins can be used as charring agents in intumescent flame retardant systems
when functionalized due to their highly carbonated aromatic structure [59,60]. However,
up to our knowledge, condensed tannins have not yet been used as coupling agents to
improve the flax fiber-matrix interface in biocomposites. Condensed tannins can be used as
a coupling agent in composite materials because their high molecular weights and strong
hydrogen bonding can improve the mechanical properties and interfacial adhesion of the
composite. Bayart et al. [61] have, for example, shown that quebracho tannins have good
compatibility with flax fibers, making them easy to incorporate into PLA (polylactic acid)
polymers. Additionally, tannins can also act as a natural cross-linking agent and improve
the thermal stability of composite materials. This makes condensed tannins a potential
alternative to traditional coupling agents in sustainable composite materials. In addition,
condensed tannins represent more than 90% of the world’s production of commercial
tannins and are considered economically important. Condensed quebracho tannins were
chosen in this study because of their high tannin content, which makes them an effective
flame retardant compared to other tannins [62]. The choice of condensed quebracho tannins
was also motivated by a preliminary study in which a large variety of hydrolyzable tannins,
such as tannic acid, oak tannin, and chestnut tannin, and condensed tannins, such as
quebracho tannin, were compared through an evaluation of their ability to act as flame
retardants. From these analyses, it has been concluded that condensed quebracho tannin
has the greatest potential as a flame retardant because of its high char content, which acts
as a protective layer.

In the present study, a chemical functionalization of wrapped flax rovings with a
condensed quebracho tannin was investigated to act as a biobased coupling agent for
further epoxy/flax fabric biocomposites applications. The chemical functionalization of
wrapped flax rovings was performed using an innovative lab-scale impregnation line. The
efficiency of the chemical grafting was evaluated (FT-IR and SEM-EDX experiments), as
well as the weaving ability of the treated rovings by manufacturing plain and satin flax
fabrics using a manual shuttle loom. A comparison with a non-bio-based molecule, i.e.,
a 3-aminopropyltriethoxysilane, was carried out. The influence of the tannin and silane
concentrations (1% and 5% in weight) was also studied. The influence of chemical treatment
on the mechanical properties either of the rovings or of the fabrics was reported, along with
the effect of the weaving steps on the mechanical characteristics of wrapped flax rovings.
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2. Materials and Methods
2.1. Materials
2.1.1. Wrapped Flax Rovings

A wrapped flax roving (linear density of 500 tex) with a flax core wrapped by a cotton
yarn with no additional treatment was provided by the company “Terre de Lin” (Saint-
Pierre-le-Viger, France). The rovings are composed of a parallel arrangement of flax fibers
aligned along the rovings’ longitudinal axis that have undergone several combing and
regularization stages, meaning that they do not contain fibers oriented in the opposite
direction and spun cotton yarns as wrapping yarns, as shown in Figure 1.
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Figure 1. Structure of a cotton-wrapped flax roving as used in this study.

2.1.2. Molecules for Surface Treatment of Wrapped Flax Rovings

Acetic acid (96%), sodium hydroxide (40 g/L) and 3-aminopropyltriethoxysilane
(APTES) (Figure 2a) were purchased from Sigma Aldrich. Fintan Q® condensed tannins
extracted from quebracho wood named Q (Figure 2b) were purchased from Silva Chimica
(San Michele Mondovi, Italy). Demineralized water was used for the preparation of
organosilane and tannin solutions.
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2.2. Processing
2.2.1. Preparation of the Solutions for Surface Treatment

APTES solutions were first hydrolyzed in a 60/40 wt.% water/ethanol solution at
two concentrations (1 and 5 wt.%). pH was adjusted to 5 using acetic acid. The solution
was stirred for 1 h at room temperature. The quebracho tannin powder was diluted in
water at a concentration of 5 wt.% and stirred for 40 min. The pH of the solution is around
5. 1 wt.% sodium hydroxide was added and stirred until complete homogenization. The
pH of the solution is around 11. The nomenclature used for flax rovings in this study is
presented in Table 1.
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Table 1. Description of flax rovings in this study.

Abbreviation Description

UR Untreated rovings
TRS1 Treated rovings with 1 wt.% APTES solution
TRS5 Treated rovings with 5 wt.% APTES solution
TRQ5 Treated rovings with 5 wt.% quebracho tannins
TRQ5N1 Treated rovings with 5 wt.% quebracho tannins + 1 wt.% NaOH

2.2.2. Impregnation Line

The impregnation line (Figure 3) is an experimental pilot prototype allowing the
continuous impregnation of linear structures such as yarns and rovings. It is composed
of six main sections: the unwinding of the roving bobbin, where the unwinding tension
is controlled by a pressure sensor, then the mounting, followed by the impregnation bath
and the infrared oven before the bobbin winder. Three types of configurations were
available on the used lab-scale impregnation line, called the W, V, and J configurations
(Figure 4), corresponding to how the roving is threaded onto the impregnation line. The
W configuration was chosen as it allows the rovings to spend more time in the chemical
solution bath and drying than the other configurations. Throughout the impregnation
process, the roving is controlled by guide rollers. At the exit of the bath, the roving goes
to an infrared oven set at 80 ◦C with three passages to evaporate water and induce the
grafting reactions of the molecules onto the roving. At the end of the line, the treated and
dry roving is wound onto a bobbin, which controls the winding speed of the entire line.
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2.2.3. Fabric Manufacturing

Weaving is a fabric production process that consists of interlacing perpendicularly
two sets of yarns. The warp runs longitudinally in the direction of the loom, while the weft
runs perpendicularly. A manual shuttle loom, called weavebird, from Leclerc Company
(Canada) was used at ENIT (Tarbes, France) was used (Figure 5). The technical parameters
of the desired fabric, such as the width of the fabric, the weaving pattern, and the density
of the fabric, were previously determined. Several operating steps are necessary to weave.
The first step is the preparation for warping, which consists of preparing bobbins of suitable
characteristics containing equal lengths of yarn and mounting them on the creel for the
warping operation. The second step is the warping itself, which consists of unwinding the
warp yarn spools. These warp threads are inserted in a third step, one by one, into the
heddles of the frames at the stretching stage and then into the reed at the stitching stage, and
the threads are then put under tension. Weave tracing is performed by Fiberworks Sliver
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4242® software, and the weaving can start. The frame movement leads to the formation
of the shed, which is the result of the separation of the warp yarns into two layers: upper
(taken) and lower (left). When the weft is inserted, a shed occurs between the warp threads
that are caught. Once the weft is inserted and pressed against the fabric, the lowered
warp threads rise while the raised ones fall, creating a shed. Two types of weaves were
manufactured (Table 2, a plain (P) and satin (S) of 5-harness satin. The wrapped rovings
were used in both warp and weft directions. Several fabrics were produced for each type
of weave (Table 3), UP and US with untreated wrapped rovings, TPS1 and TSS1 with
1 wt.% APTES treated wrapped rovings, TPS5 and TSS5 with 5 wt.% APTES treated
wrapped rovings, TPQ5 and TSQ5 with 5 wt.% condensed tannins treated wrapped rovings,
TPQ5N1 and TPQ5N1 with 5 wt.% condensed tannins, and 1 wt.% NaOH treated wrapped
rovings. The warp density is 5 in-cm, and the weft density is 5 rovings/cm for all the fabrics.
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Table 3. Nomenclature used for the different fabrics of this study and photographs of the resulting
flax-woven plain and satin fabrics.

Abbreviation Description Abbreviation Description

UP

Untreated plain
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Table 3. Cont.

Abbreviation Description Abbreviation Description

TP5N1

Treated plain with 5 wt.% Q + 1
wt.% NaOH
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 2.3. Characterization Methods
2.3.1. Fourier Transform InfraRed Spectroscopy (FT-IR)

Spectroscopic analyses were performed using a Bruker Vertex 90 FT-IR spectropho-
tometer in the spectral range of 4000–400 cm−1 with a resolution of 4 cm−1 and 32 scans
using the standard ATR device.

2.3.2. Scanning Electron Microscopy (SEM-EDX)

Scanning electron microscopy (SEM) (FEI QUANTA 200, acceleration voltage 12.5 kV)
was used to observe the microstructure of the samples. Samples were prepared by deposit-
ing a layer of carbon before analysis. EDX analyses (Oxford Instrument 80 mm2 XMAX
detector) have been performed to determine the elemental chemical composition and to
develop a map of the distribution of silica elements. A preparation step is necessary, which
consists of dipping vertically in a transparent epoxy resin pad of ESCIL Geofix® type
(Chassieu, France) with a curing time of 24 h at room temperature.

2.3.3. Mechanical Characterizations
Mechanical Properties of Rovings

Tensile tests were performed on untreated and treated wrapped rovings using a
Zwick/Roell Z010 (Zwick/Roell, Ulm, Germany) tensile device equipped with a 1 kN load
cell, according to the ASTM C1557 standard [63]. The tensile properties of linear structures
depend on the length of the sample between jaws due to the different deformation and
breaking mechanisms involved in a tensile test (fiber breakage, slippage, and disengage-
ment of fibers). To study the effect of the gauge length on the tensile properties, three
different gauge lengths were tested, namely 25 mm, 50 mm, and 100 mm. The choice of
gauge lengths was based on increasing the distance between the gauges to enclose the
length distribution of the elementary flax fibers in the rovings and to have some measuring
points well above the maximum length of the elementary fibers as well as the length of the
fibers. Tests were carried out in displacement control at a crosshead speed of 2 mm/min
with a preload of 1 N. For each gauge length and roving treatment, thirty rovings were
tested. These tensile tests were carried out at room temperature. A preliminary drying
was carried out for 24 h at 80 ◦C to remove moisture from the fibers. This is an important
step in ensuring the reliability and consistency of the data obtained while guaranteeing
that all samples have the same moisture content and preserving the quality of the samples
intended for testing. The tenacity of a roving is defined as the force (cN) per the linear
density (tex). In the case of textile yarns, the mechanical tensile properties per unit of linear
mass and not per unit of cross-sectional area were defined considering that textile yarns
are usually compressible. However, since the fineness of a yarn depends on the ratio of its
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weight to its length, and since both length and weight can always be measured accurately,
the fineness of a yarn is expressed as an indication of the relative weight to the length.
The unit of measurement is, therefore, weight in grams per kilometer. This quantity is
called “linear density” and is expressed in Tex. The linear density was evaluated after each
chemical treatment for 10 rovings according to the NF G07-316 standard [64].

Mechanical Properties of Fabrics

Mechanical properties were also performed on untreated and treated flax fabrics
according to ASTM D5035. Tensile tests were performed at room temperature by using a
Zwick/Roell Z010 (Zwick/Roell, Ulm, Germany) device equipped with a 1 kN load cell.
Tests were performed with an extension rate of 200 mm/min, a gauge length of 75 mm,
a specimen width of 25 mm, and a preload of 5 N. A preliminary drying was carried out
for 24 h at 80 ◦C to remove moisture from the fabrics. A mean value for six samples per
treatment and per direction is determined. The thickness and areal density are measured
according to the NF EN ISO 5084 standard [65], and the NF EN 12127 standard [66],
respectively. For each sample, the number of yarns was counted to determine the specific
load per roving (N/tex) to consider roving fineness and the fabric frame.

3. Results and Discussion
3.1. Evaluation of the Molecule Grafting Efficiency on Wrapped Flax Rovings
3.1.1. Physico-Chemical Characterization
APTES Treatments

FTIR analysis was carried out on untreated and treated-wrapped flax rovings in order to
determine the presence of grafted molecules on the flax fiber surface (Figure 6a). IR spectra
give evidence of the characteristic peaks of flax fibers. Peaks located at 3340 and 2900 cm−1

correspond to stretching vibrations of hydroxyl and alkane groups in polysaccharides.
The peak located at 1731 cm−1 is related to the C=O ester band in hemicellulose. The
peak at 1630 cm−1 is attributed to water within cellulose [67,68]. The peak located at
1507 cm−1 corresponds to C=C symmetrical stretching of the aromatic ring of the lignin.
The absorption bands at 1422, 1373, 1337, 1203 and 896 cm−1 may belong to stretching
and bending vibrations of -CH2 and -CH, -OH, and C-O bonds in cellulose, respectively.
The C-O-C glycosidic ether band is located at 1157 cm−1. Due to APTES treatment, the
presence of a new peak located at 1564 cm−1, corresponding to the bending vibration of
the amino group (-NH2) of silane [24] is observed. This can be explained by a reaction
occurring between APTES silanol functions and the cellulose hydroxyl groups of flax
fibers [45,69,70] creating a covalent C-O-Si bond. For a semi-quantitative analysis, all
spectra were normalized considering the band located at 1203 cm−1 that is related to the
OH group in-plane bending vibration of cellulose [71]. Thus, the ratio between bands at
1564 cm−1 and 1203 cm−1 was determined and is presented in Figure 6b. The presence of
amino groups on the flax fiber surface after APTES treatment was confirmed by an increase
in this ratio with the silane concentration [52,56,72].

In addition, SEM-EDX analyses were carried out (Figure 7) to localize Si atoms (from
silane) onto the fibers. Results showed the presence of Si on the surface and in the core of
the filaments. Silane may therefore penetrate the pores, voids, and interstices and develop
a mechanically interlocked coating on the surface of lignocellulosic fibers. Müssig et al. [73]
found a relatively high porosity (10%) content on the surface of flax fibers, which allows
the molecules to migrate into the fiber within their porous structure. The concentration
of APTES (1 and 5 wt.% for TRS1 and TRS5 flax, respectively) had a significant impact.
Indeed, the ratio between the bands at 1564 cm−1 and 1203 cm−1 was four times higher for
TRS5 than for TRS1.
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wrapped flax rovings.

Assumptions could be made that this silane grafting onto flax fibers may optimize the
quality of adhesion at the interface between the silane-modified flax fibers, and the epoxy
resin through covalent bonds between the amine groups from aminosilane and the epoxy
functions from epoxy resin [74]. The proposed scheme of reaction mechanims between
flax fibers treated with silane and epoxy gives an idea of the modified flax interphase with
silane/epoxy (Figure 8).

Quebracho Tannins Treatments

The structure of polyphenols contains both hydroxyl groups and aromatic rings, allow-
ing interactions with cellulose by physical adsorption through non-covalent interactions
such as hydrogen bonds and hydrophobic forces, as demonstrated by Shan et al. [75]. For
this reason, it can be assumed that the OH functions of the tannins can interact through
bonds with the OH, COOH, and COH functions of the cellulose, hemicellulose, pectins,
waxes, and lignin components of flax fibers. Esterification reactions can be involved be-
tween acid groups of pectins or waxes of flax fibers and hydroxyl groups of tannins, as
shown in Figure 9, leading to the formation of O-C=O bonds. Etherification reactions can
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also be involved between OH functional groups of tannins and OH groups from cellulose,
hemicellulose, pectins, waxes, and lignins of flax fibers, as shown in Figure 9, leading to
the formation of C-O-C bonds. It is also possible to form hemiacetals (CH-OH) from the
interaction between the OH functions of tannins and aldehyde groups in waxes (Figure 9).
To provide evidence of these interactions, an IR analysis was performed. Figure 10a shows
the IR spectra of raw quebracho tannins, and of untreated and treated flax rovings with
these tannins. The analysis was focused on peaks located at 1610 cm−1 and 1510 cm−1

both related to C=C stretching of the aromatic ring and on the peak located at 1420 cm−1

attributed to C-O and O-H groups in tannins. All the spectra were normalized considering
the band located at 1203 cm−1 related to OH in-plane bending vibrations of cellulose that is
not influenced by all chemical treatments [69]. Thus, the absorbance ratios between bands
located at 1610 cm−1, 1510 cm−1, 1420 cm−1 and the band at 1203 cm−1 were calculated
for each treatment, and the results are presented in Figure 10b. It can be observed that
there is an increase in all ratios when comparing TRQ5 (5 wt.% of tannins) to UR (un-
treated). This increase indicates the presence of tannins on the surface of the flax bundles.
Moreover, Nam et al. [76] have shown that the addition of a low concentration of NaOH
increased the adsorption of tannic acid on non-woven cotton fabrics. The visual aspect
of flax rovings as a function of the addition of NaOH changed, and it has been observed
that its color is browner than the one treated only with tannins. In agreement with the
literature, Figure 10a shows that the spectrum of TRQ5N1 has peaks with higher intensities
at 1610 cm−1, 1510 cm−1, 1410 cm−1 than TRQ5. However, Friedman et al. [77] investigated
the effect of pH on the stability of plant phenolic compounds, and showed that condensed
tannins are more stable with increased pH. Intensive research devoted to the development
of natural dyes from various bio-based products [78] showed that the dyeing of cellulosic
fibers requires a high pH in order to promote the rise of the dye in the fiber, as a cellulosate
anion can be involved, inducing the creation of strong covalent bonds.
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rovings and epoxy matrix.

Grafting quebracho tannins onto flax surfaces offers the possibility of optimizing the
quality of adhesion at the interface between flax and epoxy by inducing chemical changes
through the incorporation of tannins. Assumptions could be made that this tannin grafting
onto flax fibers may optimize the quality of adhesion at the interface between the flax
fibers and the epoxy resin through covalent bonds between the hydroxyl groups from
polyphenol and the oxirane functions from epoxy resin, creating a new ether bond. This
epoxidation reaction is commonly used in the manufacture of fiber-reinforced polymer
composites, corrosion-resistant coatings, adhesives, and other chemicals and materials. It
creates strong bonds between polyphenols and epoxies, improving the mechanical and
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chemical properties of the resulting materials [79]. The proposed schematic of the reaction
mechanism between flax-grafted tannins and the epoxy matrix provides an overview of
the resulting interphase (Figure 11).
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3.2. Influence of the Surface Treatments on the Tensile Properties of Wrapped Flax Rovings
3.2.1. Effect of the Gauge Length

The evolution of the tensile properties of the untreated and treated rovings as a
function of the gauge length is presented in Figure 12. The boxplots represent the median
value (with the first and third quartiles) of the tenacity obtained for each gauge length
and for each chemical treatment. The error bars represent the maximum and minimum
values obtained for the 30 tests performed, represented by square dots, and the dispersion
is plotted as curves beside the experimental values. As expected, the gauge length has a
significant influence on rovings’ tenacity. The maximum force at breakage tends to decrease
with increasing gauge length. The same observation has been noted for elementary flax
fibers and for flax fiber bundles in the literature [34,79].
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(a) 25 mm, (b) 50 mm, and (c) 100 mm (circles = median; diamonds = values).

In the case of an elementary fiber, the tensile test is usually performed with a gauge
length smaller than the fiber length. In the case of fiber bundles, if the gauge length is small,
all the elementary fibers will be tested. Conversely, if the gauge length is too high, it is
possible that some fibers, which are shorter than others, will not be tested, which would
influence the measured properties. This phenomenon is related to a poor interface between
the elementary fibers within the bundle, according to the literature [80,81]. The length
distribution of the elementary fibers also varies according to the flax variety, the retting
conditions, and the fiber extraction processes such as scutching and hackling. Müssig [73]
reported a length of the elementary fibers of about 33 mm that is higher than the gauge
length of 25 mm and lower than the gauge lengths of 50 mm and 100 mm. The presence of
surface defects can also influence the mechanical results of tensile loading, especially the
tensile strength. Baley and Bourmaud 8 and Bos and Donald [82] reported that, in a tensile
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test, failure occurs mostly in the vicinity of a defect. However, when considering that there
are surface defects in elementary fibers, the presence of defects can thus be expected in
the whole bundle of fibers and therefore in the rovings. Therefore, when the gauge length
increases, the number of defects inducing fiber breakage may also increase. For a better
understanding, the location of fiber breakings according to gauge length is highlighted
in Figure 13.
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3.2.2. Effect of the Chemical Treatment

As shown in Figure 14 whatever the gauge length, in the case of rovings treated with
1 wt.% APTES solution (TRS1), an increase of 3% for 25 mm, 8% for 50 mm, and 39% for
100 mm in the breaking tenacity can be observed after treatment compared to untreated
rovings, while for rovings treated with 5 wt.% APTES (TRS5), a decrease of 3% for 25 mm
and 50 mm and of 9% for 100 mm was highlighted.

Based on all these results, it can be assumed that a polysiloxane monolayer net-
work is created on the fiber surface in the case of a 1 wt.% APTES treatment, while a
5 wt.% APTES treatment can produce a multilayer polysiloxane network. In this case,
Georgiopoulos et al. [43] performed a comprehensive study with different concentrations
of APTES. The authors found that an optimal silane concentration of 2 wt.% may provide
better mechanical properties to the PLA/unidirectional flax bio-composite, probably due
to better penetration of the silane onto the fibers, compared to higher amounts (5 wt.%
silane content). Le Moigne et al. [45] optimized the silane treatment conditions (silane
concentration, soaking duration, and temperature) in the case of flax fibers and studied
their influence both on the fiber wettability and the mechanical properties of the PLA/flax
biocomposites. These authors showed that a good balance between the chemical coupling
reaction between the hydroxyl and carboxyl end groups of PLA and the hydroxyl and
acidic groups at the flax fiber surface, as well as mechanical interlocking mechanisms
(surface roughness), should be provided. Sepe et al. [83] studied the effect of silane treat-
ments with different concentrations on the surface of hemp fibers and improved their
interfacial interactions with an epoxy resin. It was found that a concentration of 1 wt.%
of silane is the optimum condition as regards the mechanical properties of epoxy/hemp
fabric biocomposite.

In the case of bio-based treatments, an increase in the breaking tenacity is observed for
TRQ5 (4.5% for 25 mm and 12.5% for 50 mm) and TRQ5N1 (22% for 25 mm and 28% for
100 mm) for all the gauge lengths. Literature gives evidence that a low concentration of
NaOH enhances the adsorption of tannins onto cotton fabrics. Thus, pH has an important
effect on the result of chemical treatment of lignocellulosic fibers [84]. NaOH potentially
eliminates some extractables and thus favors the absorption kinetics of tannin in the flax
fiber. Research has demonstrated that alkaline treatments increase surface roughness,
thus revealing more cellulose and enhancing the number of accessible reactive sites. For
a better understanding of the impact of chemical treatments on the physico-chemical
properties of flax fibers, it is important to make measurements of surface properties. Acera
Fernández et al. [85] analyzed the role of flax cell wall components on the physico-chemical
properties of flax fabrics. They demonstrated that using NaOH resulted in high yields of
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extraction for non-cellulosic components, leading to an increased hydrophilicity of flax
fabrics, and thus, a decrease in the initial contact angle and an increase in the rate of water
absorption. However, many studies have highlighted the use of NaOH as a pre-treatment,
which (i) removes impurities from the surface of the fiber, and (ii) improves the chemical
reactivity of the fibers by opening the cellulose structures, allowing easier penetration
of chemical agents for further processing. Tran et al. [86] showed that the mechanical
properties of einkorn wheat husk-reinforced PLA biocomposites can be improved by the
combination of alkaline and silane surface treatments. In this case, the cleaning step by
NaOH allows activating hydroxyl groups on the surface of the husk and makes them more
reactive towards silane compared to the hydroxyl groups present on the surface of the
untreated beads.
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3.3. Evaluation of the Chemical Functionalization of Wrapped Flax Rovings on the Properties of
Developed Fabrics
3.3.1. Determination of the Characteristics of Manufactured Fabrics

Woven fabric properties made from untreated and treated wrapped rovings are pre-
sented in Table 4 and Figure 15. The areal weight (g/m2) is defined according to the stan-
dard NF EN12127 [66] and the thickness according to the standard NF EN ISO 5084 [65].
Both fabrics, plain and satin, have 5 rovings/cm for warp and weft densities. A higher areal
weight was observed for fabrics based on chemically treated wrapped rovings compared
to fabrics based on untreated wrapped rovings. Figure 15 shows that the areal weight of
the satin fabrics is higher than that of the plain fabrics. The thicknesses of plain fabrics are
lower than the thicknesses of satin fabrics. However, all treated fabrics (plain or satin) have
a higher thickness than the untreated fabrics.



J. Compos. Sci. 2024, 8, 75 16 of 22

Table 4. Properties of woven flax fabrics.

Plain Fabric Thickness (mm) Areal Weight (g/m2)

UP 0.9 484 ± 7
TPS1 1.2 571 ± 6
TPS5 1.2 571 ± 6
TPQ5 1 525 ± 5

TPQ5N1 1 556 ± 13

Satin Fabric Thickness (mm) Areal Weight (g/m2)

US 1.7 513 ± 31
TSS1 2 676 ± 24
TSS5 2 683 ± 38
TSQ5 1.8 668 ± 38

TSQ5N1 1.8 724 ± 30
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3.3.2. Influence of Chemical Functionalization of Wrapped Flax Rovings on the Tensile
Properties of Fabrics

The tensile behavior of all fabrics (satin and plain) in both directions (weft and warp)
(expressed in force at breakage (N) per number of rovings in the samples) as a function of
the surface treatment is presented in Figure 14. The boxplots represent the median value
(with the first and third quartiles) of the specific load for each chemical treatment. The error
bars represent the maximum and minimum experimental values represented by square
dots, and the dispersion is plotted as curves beside them. It allows for highlighting the
effects of both the roving and fabric density. During the tensile test, the fracture occurred in
the middle of the sample in all cases. For satin fabrics, it can be observed that the specific
load is higher (+33%) in the weft direction than the warp direction for the untreated satin
(US). This can be analyzed regarding the geometry of the satin fabric (satin of weft effect).
Therefore, it is formed by floating weft rovings over four rovings before moving to the next
weft rovings. Moreover, satin fabrics are generally unbalanced and have less interlacing per
unit area than plain weave. The elongation at break is 1.5 times higher in the weft direction
than in the warp direction. The same change in the specific load and the elongation at
break was observed for fabrics made from chemically treated wrapped rovings. Plain is
the simplest woven fabric structure. It is formed by the alternating rise and fall of a warp
roving through a weft roving. For the untreated plain fabric, the tensile behavior is the
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same in both directions, related to identical linear density and number per unit for warp
and weft rovings. It is a balanced fabric compared to satin fabric. The elongation at break
of the untreated plain fabric (UP) is three times higher in the warp direction than in the
weft direction (Figure 16). Moreover, for all plain fabrics made with chemically treated
rovings, an increase in the specific load was observed in both directions, but it was better
in the warp direction than in the weft direction. The tensile behavior in the warp direction
increases by 60%, 26%, 55%, and 44%, and in the weft direction by 35%, 15%, 23%, and
8% for TPS1, TPS5, TPQ5, and TPQ5N1, respectively. This unbalanced property may be
due to the elongation effect, which is more important in the warp direction than in the
weft direction for the fabric based on chemically treated wrapped rovings. Moreover, high
tension is applied to the warp yarn in the weaving processes. To conclude, whatever the
pattern weave (satin or plain), and the chemical treatment nature, an improvement in the
mechanical behavior of the woven fabrics was observed. A different behavior has been
reported for satin fabrics in comparison to plain fabrics. Thus, during the manufacture of
the fabric, the weaveability of all treated and untreated rovings was evaluated during the
weaving process, and no roving breakage has been reported.

J. Compos. Sci. 2024, 8, x FOR PEER REVIEW 19 of 24 
 

 

rics in comparison to plain fabrics. Thus, during the manufacture of the fabric, the 

weaveability of all treated and untreated rovings was evaluated during the weaving 

process, and no roving breakage has been reported. 

 

Figure 16. Elongation at break of untreated fabrics (UP = Plain, US = Satin) in the warp and weft 

directions. 

3.4. Evaluation of the Effect of Weaving Process on the Mechanical Properties of Wrapped  

Flax Rovings 

During the weaving process, the rovings have been subjected to cyclic mechanical 

stresses, which may impact the rovings’ mechanical properties. The effect of the weaving 

process on twisted flax rovings has been studied by Corbin et al. [87]. These authors 

demonstrated that the improvement in mechanical properties can be attributed to the in-

crease in torsion following the weaving process. Omrani et al. [88] have studied the 

weaving process’s impact on twisted flax yarns, twisted tow flax yarns, and roving 

yarns. The authors observed degradation during the weaving, and the twist effect can 

help reduce this degradation. Therefore, it is interesting to evaluate the influence of the 

weaving process on the tensile behavior of the flax-wrapped rovings. The tensile tests 

were performed on rovings extracted from plain and satin-manufactured fabrics for both 

directions (warp and weft) and at three different gauge lengths (25 mm, 50 mm, and 100 

mm). Figure 17 shows the tenacity and the tensile curves for warp and weft-wrapped 

rovings after weaving compared to unwoven-wrapped roving (before weaving), respec-

tively, at the three-gauge lengths. The boxplots represent the median value (with the first 

and third quartiles) of the tenacity of rovings. The error bars represent the maximum 

and minimum experimental values represented by square dots, and the dispersion is 

plotted as curves beside them. Irrespective of the pattern and weaving direction, a high-

er elongation at break is observed after the weaving process. For warp-wrapped rovings 

after plain weaving, the weaving process has improved the tenacity at break by 14% for 

25 mm and 50 mm gauge lengths and by 10% for 100 mm gauge lengths. A significant 

increase in the maximum strain before roving breakage was detected. This increase can 

be explained by the fact that during the opening and closing of the shed, the warp 

rovings are under high tension, undergoing cyclic mechanical stress. In addition, they 

are far from each other, so there is less friction between fibers, and therefore less fiber 

hanging. Indeed, when weaving, several frames for both weaves (satin and plain) were 

used to keep the rovings away from each other. For weft-wrapped rovings after plain 

weaving, the breaking tenacity is higher after weaving by 25% for 25 mm and 10% for 

100 mm gauge lengths, but a slight decrease was observed for 50 mm gauge lengths. The 

weft roving is inserted with the shuttle through the warp shed, and a step of canning is 

necessary, consisting of cleaning the roving from imperfections to improve its aspect. 

This can lead to the untwisting of the rovings, but fortunately, these rovings are protect-

ed by the wrapping yarn. Finally, it can be noted that the weaving process has a positive 

Figure 16. Elongation at break of untreated fabrics (UP = Plain, US = Satin) in the warp and weft directions.

3.4. Evaluation of the Effect of Weaving Process on the Mechanical Properties of Wrapped
Flax Rovings

During the weaving process, the rovings have been subjected to cyclic mechanical
stresses, which may impact the rovings’ mechanical properties. The effect of the weaving
process on twisted flax rovings has been studied by Corbin et al. [87]. These authors
demonstrated that the improvement in mechanical properties can be attributed to the
increase in torsion following the weaving process. Omrani et al. [88] have studied the
weaving process’s impact on twisted flax yarns, twisted tow flax yarns, and roving yarns.
The authors observed degradation during the weaving, and the twist effect can help reduce
this degradation. Therefore, it is interesting to evaluate the influence of the weaving process
on the tensile behavior of the flax-wrapped rovings. The tensile tests were performed on
rovings extracted from plain and satin-manufactured fabrics for both directions (warp
and weft) and at three different gauge lengths (25 mm, 50 mm, and 100 mm). Figure 17
shows the tenacity and the tensile curves for warp and weft-wrapped rovings after weaving
compared to unwoven-wrapped roving (before weaving), respectively, at the three-gauge
lengths. The boxplots represent the median value (with the first and third quartiles) of the
tenacity of rovings. The error bars represent the maximum and minimum experimental
values represented by square dots, and the dispersion is plotted as curves beside them.
Irrespective of the pattern and weaving direction, a higher elongation at break is observed
after the weaving process. For warp-wrapped rovings after plain weaving, the weaving
process has improved the tenacity at break by 14% for 25 mm and 50 mm gauge lengths
and by 10% for 100 mm gauge lengths. A significant increase in the maximum strain before
roving breakage was detected. This increase can be explained by the fact that during the



J. Compos. Sci. 2024, 8, 75 18 of 22

opening and closing of the shed, the warp rovings are under high tension, undergoing
cyclic mechanical stress. In addition, they are far from each other, so there is less friction
between fibers, and therefore less fiber hanging. Indeed, when weaving, several frames for
both weaves (satin and plain) were used to keep the rovings away from each other. For
weft-wrapped rovings after plain weaving, the breaking tenacity is higher after weaving by
25% for 25 mm and 10% for 100 mm gauge lengths, but a slight decrease was observed for
50 mm gauge lengths. The weft roving is inserted with the shuttle through the warp shed,
and a step of canning is necessary, consisting of cleaning the roving from imperfections to
improve its aspect. This can lead to the untwisting of the rovings, but fortunately, these
rovings are protected by the wrapping yarn. Finally, it can be noted that the weaving
process has a positive impact on the rovings’ tenacity in both directions. It is assumed
that the cotton yarn has a positive influence on tenacity by protecting the yarns during
the weaving process. Indeed, a higher elongation at break was observed for warp and
weft rovings after the weaving process. During our study, it was shown that treated
and untreated wrapped flax rovings have good hand weaving properties. It can be said
that their tenacity was sufficient to withstand the stresses and strains experienced during
the hand weaving process. According to the literature, there is no absolute minimum
tenacity for linear flax structures to be woven on an industrial loom, as it depends on the
specifications of each weaving application and industrial loom. In addition, fiber quality,
spinning method, and twist are also important factors to consider. As a rule, higher-quality
linear flax structures have a higher tenacity and are more suitable for industrial weaving
applications. To the best of our knowledge, current work on the weaving of plant fiber
rovings, especially wrapped rovings, for the manufacture of technical fabrics is limited.
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Figure 17. Breaking tenacity of rovings before weaving (blue line), warp after weaving (purple
line), and weft after weaving (green line) for (a) plain fabric and (b) satin fabric (circles = median;
diamonds = values).
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4. Conclusions

In this study, plain and satin fabrics have been manufactured with functionalized flax
rovings wrapped in cotton. These last ones have been successfully functionalized with
two types of molecules: (i) quebracho tannins (Q) and (ii) 3-aminopropyltriethoxysilane
(APTES) using an impregnation line. The functionalized rovings were characterized by FT-
IR and observed through SEM-EDX. The presence of silane was confirmed on the surface of
the flax fibers with the migration of the silane molecules to the core. A silane concentration
of 1 wt.% has been shown to provide rovings and fabrics with better mechanical properties,
probably due to a better penetration of the silane into the fibers, compared to higher
concentrations (5 wt.%). Uniaxial tensile tests revealed that the combination of NaOH and
quebracho tannins on flax fibers improved the mechanical strength of the rovings and,
subsequently, of the manufactured fabrics. Results show that NaOH may play a major role
in functionalization efficiency. It may help open up the side chains of tannins, allowing
a better reaction with flax fibers. This increases the solubility and reactivity of tannins,
thereby improving the functionalization of flax fibers. The tenacity of the untreated and
treated rovings was investigated at different gauge lengths, and it was observed that an
increase in the gauge length decreases the tenacity of the untreated and treated rovings.
Several conclusions can also be drawn at the fabric level. A concentration of 1% silane
is sufficient to improve the mechanical properties of wicks and fabrics. The addition of
NaOH to tannins strengthens linen fibers more than tannins alone, and the weave pattern
influences mechanical performance. This effect is due to the long floats on the surface of the
fabric that create a smoother surface, which induces better resistance in the weft direction.
This effect is observed for all fabrics based on treated rovings. During the weaving process
and for the two types of fabrics (plain and satin), even though the rovings in the warp
direction are subjected to cyclic stretching, this does not lead to a decrease in breaking
tenacity but to an increase in breaking elongation.
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