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Abstract: In the present work, an innovative range of foams based on flax gum-filled epoxy resin
was developed, reinforced or not by flax fibers. Foams and composites with different gum and epoxy
resin contents were produced and their mechanical and thermal performances were characterized. To
enhance the organic flax gum filler’s cross-linking, we exploited the oxidized components’ reactivity
with the amine hardener (isophorone diamine). We compared the materials obtained with those
derived from the native components. The flax gum and fibers were primarily characterized by
chemical analysis, NMR, and FTIR to evaluate the mild oxidation of the native materials. The
formation of chemical bonds between the oxidized polymer chains, epoxy resin, and hardener
was evidenced by FTIR, and the materials were then studied by SEM and X-ray computed micro-
tomography (CT) and submitted to mechanical and thermal tests. The relevance of the oxidation
treatment was highlighted through a significant increase in density and mechanical performance
(+36% and +81%, respectively, for the 100% flax gum material). The positive effect of the flax fibers on
homogeneity evidenced through micro-CT analysis was also clearly addressed. This set of promising
results paves the way for the future development of fully flax-based insulation composite materials.

Keywords: polymer-matrix composites (PMCs); molding compounds; flax gum; polysaccharide foam

1. Introduction

Today, the search for alternatives to petroleum-derived materials is an emerging topic
in many fields of application, including furniture, boating, automotive, and aeronautics [1].
Agro-resources, more generally biomass, provide a wide range of renewable and biodegrad-
able substances. These include wood and lignocellulosic plant fibers, plant polysaccharides
(starch and its derivatives, chitin, etc.), proteins, and phenolic derivatives such as tan-
nins [2]. Beyond their environmental benefits, the mechanical properties of lignocellulosic
fibers such as flax or hemp are competitive with those of glass fibers [3]. Moreover, using
bio-based polymeric materials to reinforce lignocellulosic fibers is a complementary and
credible route to fully recyclable or degradable green materials.

Among the bio-based macromolecules, polysaccharides have multiple applications
in the medical field [4] or food industry [5] and more generally for the development
of materials [6]. These organic fillers used in the production of composites offer many
advantages, including biocompatibility, biodegradability, chemical tunability, low density,
high strength, and stiffness. Due to their versatility and interesting physicochemical
properties, natural polymerics have gained attention to form foam materials for acoustic [7],
thermal insulation [8], and biomedical applications [9]. These are solid, porous materials
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formed from a range of open and closed cells that can be obtained by freeze-drying, gas
formation using a blowing agent, three-dimensional printing, or melt extrusion. In these
materials, the shape of the holes (open or closed) and the size of the pores, from micro- to
macro-porous structures, affect the density, thermal conductivity, and acoustic performance
of these biomass-based composites. In terms of design, the chemical composition and the
control of the internal structure of the foams are therefore the criteria to be mastered when
developing insulating materials. To improve their mechanical performance, polymeric
foams can be strengthened by adding different natural fibers such as kenaf [7], bagasse [10],
hemp [11], or jute and flax [12].

Among the cellulosic fibers, flax fibers have high mechanical properties [13], i.e.,
Young’s modulus and strength at break, comparable to those of petroleum-derived materi-
als [14]. An interesting way of developing new flax-based composites is adding polysac-
charides from the seeds by an impregnation method as a matrix to obtain “wholly flax”
bio-composites [15,16]. Flaxseed polysaccharides are water-soluble complex polymers with
a highly branched structure [17] able to transfer stress into the composite with a maximal
value of Young’s modulus (E) and tensile strength (o) for a 20% mucilage loading (w/w).
In addition, it has been shown that mild oxidation of polysaccharides can be exploited
to achieve a cross-linking reaction between the aldehyde groups of flaxseed gum and the
epoxy resin components to form imine functions via a basic Schiff reaction [4]. This reactiv-
ity can be used to achieve cross-linking between the polymeric arms of the flax gum and
the hardener present in the matrix. In addition, the carboxylic acid groups are also likely to
form covalent intermolecular di-esters with hydroxyl groups at relatively low temperatures
(70 °C) [6]. Finally, the combination of epoxy resins filled with oxidized polysaccharides
has been shown to have an accelerating effect on curing, which represents an opportunity
to increase the mechanical properties of polysaccharide-based bio-composites since as a
nucleophile, the hydroxyl group can initiate the ring opening reaction of the epoxide group.

In addition to exploiting the reactivity of the various chemical groups, we propose
to implement a freeze-drying process to prepare three-dimensional porous matrices. This
process is widely used to form aerogels and foams for medical and food applications
or composites manufacturing [18] by modulating and controlling the microstructure of
materials through the ice crystals used as templates. In this context, our process for
developing polysaccharide-based bio-composites in water can be particularly suitable
for preparing porous structures, which could provide both light weight and stiffness
to the materials. Given their advantages, we undertook to study their potential for i.
the development of bio-sourced foams to create insulating biomaterials for the building
industry and ii. thermo-molded formwork for the automotive industry.

In the present study, we prepared new foam composites based on flax fibers embedded
in different formulations of native and oxidized flax gum matrices supplemented by epoxy
resin to obtain stiff structures. This work aimed to study the potential of flaxseed gum as a
composite matrix. Flax gum and flax fibers were oxidized under mild conditions by the
TEMPO method in an aqueous solution to obtain aldehyde and carboxylic groups to exploit
their reactivity with polysaccharides as well as epoxy resin and amine hardener to achieve
efficient cross-linking. To this end, we prepared various mixtures in water of different epoxy
resin/linseed gum ratios and analyzed the physicochemical properties of the resulting
foams. In a second step, we prepared bio-composites by adding microfibrillated flax (MFF)
to the mixture to observe its influence on the material structuring and property modulation.
After the characterization of the mucilage and the modified fibers, the foams and bio-
composites were characterized by X-ray computed tomography (X-ray CT). The thermal
and mechanical properties of these new materials were evaluated.

2. Materials and Methods
2.1. Material and Reagents

Flax seeds and fibers (Damara variety) were produced commercially in North France
(Van Robaeys Freres, France) and used as the raw materials.
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2,2,6,6-Tetramethylpiperidine-1-oxyl radical (TEMPO, 98%) and sodium bromide
NaBr (99%) were supplied by Merck and VWR Chemical companies, respectively. Sodium
hypochlorite solution (12.5%) was purchased from Sigma Aldrich (St. Louis, MO, USA).

2.2. Oxidation of Flax Gum and Flax Fibers

The flax gum oxidation was performed by using TEMPO/NaOCl/NaBr according to
the Kato proceeding [19]. A 5% mucilage solution was placed in a beaker and maintained
at a temperature below 5 °C in an ice bath. TEMPO (0.01 mol per mucilage anhydroglucose
unit) and sodium bromide (0.2 mol per mucilage anhydroglucose unit) were dissolved
in 100 mL of water and then added to the flax suspension. The pH of the solution was
adjusted to 10.75 with 0.5 M NaOH and then a 10% sodium hypochlorite solution (2 moles
per AGU) was added to the mucilage solution. From there, the oxidation started and the
pH was maintained at 10.75. The end of the reaction was indicated by pH stability and
then the oxidation stopped. Then, the mucilage was precipitated by adding ethanol in a
ratio EtOH/H,0 3:1 (V:V). Finally, the precipitate was washed 3 times with water and then
frozen at —80 °C and freeze-dried for 48 h at 0.2 mbar and 24 h at 0.001 mbar.

The oxidation of the flax fibers was adapted from the Sbiai protocol [20] and the
oxidation of cellulose was done in batches of 250 g (1.54 AGU). The flax fibers were placed
in a 5 L water bath retained below 5 °C and dispersed with an RW16 basic IKA mechanical
agitator. Then, a mixture of TEMPO (0.01 mol per fiber AGU) and sodium bromide (0.2 mol
per fiber AGU) was added to the fiber suspension. Sodium hydroxide and hydrochloric
acid (1 M) were used to put the pH between 10 and 10.5 during the reaction. The end of the
reaction was reached at pH stability (~8 h). The oxidation was stopped by adding ethanol
to the solution in a ratio of 2.5 (V, of fibers). The fibers were filtered and rinsed several
times with distilled water, then the samples were frozen and freeze-dried.

2.3. Preparation of Flax Foams

For each sample, flax gum was first mixed with 160 mL of water and the solution
was then left to stand for 12 h. The epoxy resin and fibers, if any, were then added to the
polysaccharide solution to obtain 20% of organic matter in the mixture. The reticulation
of the resin was obtained using a ratio of 2/3 of diglycidyl ether of bisphenol A and 1/3
of isophorone diamine (IPD). The formulations were then placed in a silicone mold and
frozen at —80 °C before freeze-drying for 72 h at 2 mbar (primary drying) and 0.002 mbar
for 24 h (secondary drying). After the freeze-drying proceeding, the samples were baked at
80 °C for 5 h in the oven. Finally, they were polished to obtain 20 mm high cylinders with
43-45 mm diameters with parallel top and bottom faces.

The nomenclature chosen to name the flax gum (FG) foam samples is FG-X, which
is the rate of FG and the remaining fraction corresponding to the epoxy resin content (for
example, FG-20 corresponds to 20% of mucilage added to 80% epoxy resin). The index “ox”
is used to note oxidized samples. The composites were made from 12% flax gum, 48% fiber,
and 40% epoxy resin (FG-Comp from native materials FG and fibers, FGox-Comp from
oxidized materials FGox and Fox).

2.4. Characterization

The foam and composite samples were characterized by scanning electron microscopy
(SEM) under high vacuum with a field emission SEM instrument (JSM-7100F, Tokyo, Japan).
Coatings of the samples were applied with a thin (around 10 nm) layer of chromium
before observation.

The differential scanning calorimetry (DSC) thermograms were recorded on a DSC
Q1000 DSC instrument (TA instruments, New Castle, DE, USA). An indium standard was
used for the calibration and nitrogen was used as the purge gas. The sample was heated
from room temperature to 300 °C at a heating rate of 10 °C/min. SDT Q600 (TA Instruments,
New Castle, DE, USA) was used for thermogravimetric analysis (TGA). Around 4-8 mg
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samples were scanned from 20 to 800 °C at a heating rate of 10 °C/min in the presence of
100 mL/min nitrogen flow.

The ATR-FTIR spectra of the precursors were recorded on a Perkin Elmer Spectrum
BXII spectrometer over the wavenumber range of 500-4000 cm~! with a resolution of
1 cm~!. NMR spectra were recorded on a Bruker Ascend™ 400 MHz NMR spectrometer
at room temperature and D,O was used as solvent.

The neutral sugar composition was determined by colorimetric methods [21]. The
acidic sugar content was calculated as milligrams of p-galacturonic acid per milligrams of
the mucilage [22] (Table 1).

Table 1. Carboxylate and aldehyde contents of the native flax gum (FG), flax fiber, oxidized flax gum
(FGox), and oxidized flax fiber (ox. Fiber).

Carboxylate Aldehyde Carboxylate Aldehyde
(mmol/g) (mmol/g) (mmol/g) (mmol/g)
FG 0.59 £ 0.01 1.64 +£0.45 Fiber 1.25+0.15 3.41 £0.03
FGox 1.13 +0.32 2.56 £ 0.55 Ox. Fiber 2.46 £+ 0.08 4.60 £+ 0.04
Rox 1.90 1.56 1.97 1.35

Bulk density measurements (Table 2) were performed using an Electronic Digital LCD
Gauge Stainless Nonius Caliper Micrometer 150 mm 6-inch MIS and a VWR LP 3102 balance.

Table 2. Quantitative analysis of the density and porosity of FG and FG-filled epoxy resin composites.

Sample Densi_tg/ Sectior: Por(())sity * Sample Densi_tgf Sectior: Por(())sity *
(kg-m~—3) Indent (%) (%) (kg-m~3) Indent (%) (%)
FG-100 2289+9.3 9.8 68 £24 FGox-100 3114+ 3.4 13.0 69+11
FG-80 231.7 £ 8.2 7.9 68 +25 FGox-80 286.0 £5.6 11.9 73+ 1.1
FG-20 2195+ 3.0 5.6 61 £3.0 FGox-20 236.7 4.7 7.6 79+11
FG-Comp 1944 £53 0.1 65+11 FGox-Comp 209.4 + 2.5 0.6 67 £1.1

* From 2D cross-sectional image according to the ratio of the sum of the dark pixels identified to the total number
of pixels.

The composite materials underwent microstructural characterization through X-ray
computed micro-tomography (CT) and image analysis to assess changes in microstructure
as a function of composition and oxidation treatment. X-ray scans were operated at a volt-
age of 60 kV and a current of 160 nA. The data acquisition system recorded 1120 projections
distributed over 360° along the vertical axis of each specimen. The projections were recon-
structed using a cone-beam filtered back-projection algorithm [23] and this process was
implemented in the X-ACT 2.0 software (RX Solutions, Boynton Beach, FL, USA). For each
sample, four representative elementary volumes (REVs) of about 10 mm? were selected
and subsequently analyzed to calculate the porosity and volume fractions of the different
components within the composites. The pixel size for image scanning was 8 um. This
resolution was selected to optimize both the quality and number of scans.

Image pre-processing was carried out using the open-source Image]J 1.54 software [24],
and segmentation was performed using the LABKIT plug-in [25]. Porosity within the
samples was calculated by dividing the volume of the segmented component by the total
volume of the REV, and then the average porosity was determined [26]. Note that, during
the image analysis, pores and flax fibers in contact with the edges of the REV were excluded
from the calculation to avoid their underestimation.

Compression tests were performed on the composites with an MTS Synergie RT /1000
system (MTS, Eden Prairie, MN, USA) at a controlled temperature of 296 K and a relative
humidity of 48%. The crosshead displacement speed was 2 mm-min~! according to ASTM
D1621 norm [27]. The sample was compressed into the 20% thickness of the original.
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Experimental thermal effusivity and conductivity of the materials were obtained by
using a Thermal Conductivity Analyzer (TCi) supplied by C-Therm Company (Fredericton,
NB, Canada). This device uses the non-destructive Modified Transient Heat Source (MTPS)
method (Conform to ASTM D7984 [28]). Thermal conductivity values between 0 and
10 W-m~1.K~! can be measured. All experiments were repeated five times and realized at
room temperature.

3. Results
3.1. Characterization of Flax Products Following TEMPO Oxidation

First, to quantify the chemical modification of the flax gums and fibers following the
TEMPO oxidation process, the determination of the acid and aldehyde functions on the
different materials was performed before freeze-drying and shaping of the foams (Table 1).
The carboxylate aldehyde contents of flax gum (FG) are due to its D-galacturonic acid and
hemiacetal forms. The chemical oxidation of polysaccharides resulted in a more significant
increase in acid function concentration (Rox = 1.9) relative to aldehyde content (Rox = 1.56).
Modification of the fibers gave results comparable to those obtained on the gum with a
more important conversion in acid function. As expected, these results are consistent with
the mild oxidation of flax products.

The native and modified flax gum and fibers were then characterized by NMR and
FTIR experiments to confirm the chemical modifications resulting from the oxidation. The
'H and *C NMR spectra of the flax gum and oxidized flax gum are shown in Figure 1.
The 'H NMR spectrum of the flaxseed gum can be divided into three zones corresponding
globally to the signatures of the amino acids between 0 and 3 ppm, polysaccharides from 3
to 6 ppm, and phenolic compounds and acids beyond 6 ppm. The examination of the 'H
NMR resonances of the native flaxseed gum demonstrates the presence of amino acids by
the characteristic peaks of alanine and linustatin (at 1.48 and 1.71 ppm, respectively), which
were removed following the oxidation. In contrast, the intensity of the peaks corresponding
to the non-bound acids (acetic and formic acids) and neutral polysaccharides (Ara: 5.13,
Xyl: 3.49; 3.42, Gal: 3.77; 3.56; 3.47 ppm) and acids (Rha: 3.84, 3.78; 1.26/16.7, GalA: 4.42;
3.89) increased after oxidation. However, apart from the resonance of the formic acid at
8.46 ppm resulting from the pectine oxidation [29], the 'H NMR spectra do not detect the
oxidation of primary hydroxyls.

L ki

—_— e e
8.5 7.5 6.5 55 45 35 25 1.5 200 170 140 110 80 60 40 20
1 (ppm) 1 (ppm)

Figure 1. 'H and '3C NMR spectra of oxidized flax gum (top) and native flax gum (bottom).

The *C NMR spectrum of native flax gum is similar to those previously reported
and agrees with a polysaccharide composition [30]. The spectral zone from 60 to 110 ppm
includes all of the carbons of ether oxide and the aliphatic groups present in the polysac-
charide rings. After oxidation by the TEMPO procedure, despite a lack of sensitivity in the
aliphatic carbon region, new resonance signals appeared beyond 140 ppm, which is char-
acteristic of the formation of oxidized functions. The transition at 166.9 ppm corresponds
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to the metabolization of formic acid, which is consistent with the 'H NMR spectra. Both
resonances 173.1 ppm and 188.2 ppm can be attributed, respectively, to acid and aldehyde
functions from the oxidation of the C6 primary hydroxyl groups. As expected, the mild
synthesis conditions resulted in incompletely oxidized products leading to the formation
of aldehyde or hemiacetal and acid groups.

The qualitative analysis of the native flax products (extracted flax gum and fibers)
by FI-IR is presented in the Figure S1A. Whether native or oxidized, the gum samples
show the general characteristics of the absorption bands of polysaccharides. The vibrations
of the -OH groups correspond to the stretching bands of the broad and intense signals
centered around 3300 cm~!. The C-H stretching band of polysaccharides was observed at
2921 cm~ L. The vibrations band at 1412 cm ™! is attributed to the carboxylate (COO™) and
free carboxyl groups (rhamnogalacturonan and homogalacturonan) [31]. The shoulders
observed at 1345 cm ™! for FG-100 and 1323 cm ™! for FGox-100 can be correlated to the
wagging vibrations of -OH. The carbonyl groups of the acidic and aldehyde groups
from poly-galacturonic acid exhibit a strong and large absorption band at 1598 cm™!
and 1243 cm~! [32]. Finally, other characteristic peaks representative of multiple -C-O-
stretching due to -OH and carbonyl groups are evidenced through the largest bands
between 1175 and 840 cm ™! [33]. Comparison of the oxidized mucilage and neutral species
spectra demonstrates a strong change in the ratio of band intensities associated with C-O
elongations, which are consistent with the increase in the concentration of oxidized groups
after TEMPO treatment. Regarding the fiber oxidation (see Figure S1B), the FTIR spectrum
of oxidized fiber shows an increase of absorption at 1604 cm ! compared to the untreated
fiber, which exhibits a weak band at 1622 cm™1.

3.2. Characterization of Flax Gum Foams and Composites

The FTIR investigations of flax gums foams FG-100 and FGox-100 and flax gum-filled
epoxy-filled foams FG-80 and FG-20 are shown in Figure 2. These reports aim to highlight
the chemical modification of the flax gum and characterize the interactions between the
polysaccharides and the epoxy resin.

FG-100 foam shows two carbonyl stretching vibration peaks at 1634 cm ! and 1538 cm ~*
characteristic of acid residues. The shoulder at 1435 cm ! indicates the bending vibration of
N=C and ethylenic bonds due to the imide bond formed between the polymeric chains and
the amino acids still present in the native mucilage [34]. For FGox-100, the characteristic
peaks of -COO- stretching, CH; bending, and C-O-C stretching bands are shifted from
1411 to 1406 cm !, 1318 to 1325 cm ™!, and 1017 to 1028 cm ™!, respectively. These absorption
band shifts could be attributed to the carboxylic moieties linking with adjacent saccharides
to form a crosslinked network. As expected, the FTIR spectra of materials containing epoxy
resin and hardener fractions (Figure 2B and Figure S2 in Supplementary Materials) show
the appearance of new absorption bands at 1510 cm !, 1451 cm ! and 1242 cm~! due to
epoxy resin. The peaks at 825 cm~! and 752 cm ™! were attributed to the C-O stretching
of ether groups as a result of the opening of the epoxy rings reacting with the hemiacetal
groups from the aldehyde and hydroxyl of the flax gum [35]. This consideration is well
reflected on the FTIR spectra of the materials with high epoxidation rates (FG-20), showing
a strong increase in the C-O elongation bands at 1182 cm ! and 1102 cm ™! (the strong peak
at 1030-1035 cm ! is relative to the carbohydrate C-O functions). Finally, the hemiacetal
formations resulted in a decrease in OH absorption bands around 3350 cm~ L. Otherwise,
the IR spectra of the two composites (Figure S2B in Supplementary Materials) show the
same absorption bands as the epoxidized foams and do not distinguish any specificities.
It can therefore be assumed that the reactivity of the different components has not been
affected compared to non-fibrous materials.

The microstructure and some physical parameters of the thermoset moldings were
deeply examined. First, the foams and composite thermosets are shown in Figure 3 to
evaluate their macromorphological aspects, and the density, section indent, and porosity of
the materials are listed in Table 2. To the naked eye, the oxidized samples show a lighter
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coloration, ranging from light brown to beige due to the bleaching of the mucilage and
fibers following the TEMPO process. It should be noted that some defects can be observed
on the surface and outer edges of the cylinders, particularly on the untreated samples.
These defects are mainly due to the high viscosity of the mixtures, which leads to molding
problems. The oxidized mucilage is therefore more fluid, enabling the formation of more
homogenous cylinders and limiting the production of gaps. The foams all have a more or
less pronounced external porosity, which increases concomitantly with the resin content
and, therefore, inversely with the flax gum content of the samples.

Wavenumber (cm™)

3500 3000 2500 2000 1500 1000 500

Transmittance (%)

—FG-100 -- FGox-100

W |
Wavenumber (cm™)
3500 3000 2500 2000 1500 1000 500
e ,.—--.I P < =y S
i \ - ’|‘u ' I,‘\..
s i “f [ "l ; v 95
y v
e —_
- S LR E RS
" are 51
g | |z8 =
L F s £
; :
=
&

—FG-80 --FG-20

B) | 45

Figure 2. FTIR spectra of (A) flax gum foams (FG-100 and FGox-100), (B) flax gum-filled epoxy-filled
foams (FG-80 and FG-20).

FG-80 FG-100 FG-Comp
FGox-20 FGox-80 FGox-100 FGox-Comp

Figure 3. Pictures of thermoset flax gum foam and composites FG-Comp and FGox-Comp.
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Table 2 shows the density of the mucilaginous foams and composites and their section
indent. The density of the foams exhibits a drop when the mucilage content is reduced,
most notably for the oxidized samples with a reduction of 24% of the density from 100% to
20% against a decrease of 4% for the non-oxidized foams. This result is consistent with the
cross-section area after molding shrinkage (section indent), which is larger for the oxidized
samples and can be attributed to the intramolecular networks formed between the flax
gums, epoxy resin, and amino-hardener.

For both composites named FG-Comp and FGox-Comp, the bulk density is greatly
reduced due to the high fiber content (48%), and they have a very low sectional shrinkage
due to the high resin content (40%), which stiffens the materials. The results of the porosity
calculated from the X-ray CT images shows two distinct trends: on the one hand, a slight
decrease in porosity according to the density loss for natural gum-based samples, and
on the other hand, an opposite trend for the oxidized samples, which show a significant
increase in porosity with a decrease in density. These results are probably due to the
different textures of the samples, depending on the nature of the material (natural or
oxidized) and the gum/resin ratio.

The SEM-observed cross-section morphologies of the foams are shown in Figure 4 and
in the Supplementary Materials (Figure S3). The two FG-100 samples show an alveolar
structuring due to water extraction during the directional freeze-drying process along the
z-axis. For these materials, the empty cells appear larger and less numerous for the natural
gum foam than for the oxidized ones with sizes of 70-100 um and 40-80 um for FG-100 and
FGox-100, respectively. The introduction of 20% resin (FGox-80) results in a network that
appears less open than for the fully mucilaginous foams. The oxidized gum FGox-80 shows
inclusions that could be due to a poor mixture between the resin and the polysaccharide
chains. At 80% resin content, the foams are structured by a lamellar network sheet form,
well-formed and uniform for FG-20 with an interlamellar distance of around 100 um. For
FG-20 and FGox-20, a reduction in density is observed, while the porosity of the former
decreases and that of the latter increases, suggesting that the internal structures of the two
foams are different.

FGox-100

Figure 4. SEM images of the cross-section morphology of flax gum foams.
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For FGox-20, the material is not as well aligned along the lyophilization axis and
appears non-homogeneous in its structuring with less organized lamellae to FG-20. These
observations on the texture of the materials show a difference in reactivity between the
epoxy precursor and the amine hardener due to the least compatibility of the oxidized
mucilage with the resin compared to the natural mucilage. The observation of the com-
posites does not provide any notable differences between those obtained from natural
or oxidized components (see Supplementary Materials). In both cases, we distinguish
the fibers mixed with the mucilaginous fraction, forming a coating around the fibers and
resulting in similar porosities.

The micro-CT pictures of Figure 5 show the microstructures and pore morphologies of
the native and oxidized flaxseed gum/epoxy composites for the different fractions of FG.
The porosity degree and density change from 61 to 65% and 194 to 228 kg/m3, respectively.
It is challenging to compare our data with literature values due to the huge diversity in
processing and biobased components used by authors. Only poor data exist about the
porosity degree, but the density can be compared, which is indirect information. For
example, for jute- and flax-reinforced starch-based composite foams [12], a density from
214 to 336 kg/m? was reported, and for eucalyptus pulp foam, Ferreira et al. measured [36]
densities between 150 and 180 kg/m?, in good agreement with our data. In our case, the
different observations made on foams and composites highlight that the porous network of
the matrix is interconnected and open with three types of pores: (i) inter-lamellar pores, with
an average distance between adjacent lamellae that varies from 2 to 300 um; (ii) spherical
and sub-spherical globular pores originating from air trapped in the matrix during the
manufacturing process, with an average maximum diameter below 1500 pum; and finally,
(iii) micro-cracks developed by the relaxation of thermal stresses during freezing, having
the same orientation as the interlamellar pores.

For the native matrices FG-100, FG-80, and FG-20, the images show that the structure
is organized lamellae and porous structures as previously seen in the SEM experiments.
Similar architectures were observed in the graphene/epoxy composites and in porous
ceramic where the parallel alignment of the lamellae is due to the extraction of freeze-dried
ice crystals in the vertical direction of the specimens [37,38]. As evidenced in Figure 5E,
the lamellar structure of FG-20 is more structured and long-range compared to FG-80 and
FG-100, which show more and more defects and cracks as the mucilage content increases.
These defects are consistent with the difficulty of processing due to the viscosity of the
natural mucilage and it provides additional pathways for fluid flow in the matrix, resulting
in a higher overall porosity.

The pore network of the oxidized flax gum exhibited significant changes compared
to the native flax gum, as shown in Figure 5B, Figure 5D, and Figure 5F, respectively.
These matrices appear to be highly porous, rough, and irregular. Although its mucilage
fraction was smaller, the interaction of epoxy with 20% of oxidized mucilage allowed
greater disorder of the matrix, resulting in an incompatible appearance and some cracks
compared to FG-20 (Figure 5E,F) to give 61% and 79% of porosity for FG-20 and FGox-20,
respectively. When increasing the mucilage fraction in the matrix, the samples had a more
homogeneous appearance, and the pores became relatively homogeneous (Figure 5B,D),
which could contribute to their better mechanical properties [39].

Introducing flax fibers into the flax gum significantly changed the microstructure of
the untreated and oxidized composites, as shown in Figures 5G and 5H, respectively. The
pores in the composite are almost spherical and more homogeneous, indicating good com-
patibility between the flax fibers and the matrix, reinforcing the cohesion and homogeneity
of the system. Indeed, the absence of cracks or deformations in the composite is a positive
indication of its structural integrity.
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Microcrack

Figure 5. Pictures and micro-CT analysis of flax gum/epoxy and composites represented in 2D slices
and 3D reconstructions of cubic subvolumes of the same REVs of FG-100 (A), FGox-100 (B), FG-80 (C),
FGox -80 (D), FG-20 (E), FGox-20 (F), FG-Comp (G) and FGox-Comp (H).

3.3. Mechanical Analysis of Flax Gum Foams and Composites

Compression tests of the initial specimen height were performed on the mucilaginous
composites to analyze the in-service damages. The data are synthesized in Table 3; once
again, as explained for the density values, a comparison with literature value is not facili-
tated by the diversity of the process and components while a compression test is commonly
used on biobased foams.

Table 3. Mechanical properties of flax materials.

Sample E. ? (Mpa) o10 P (kPa) Sample E. ? (Mpa) 010 P (kPa)
FG-100 106 £1.2 742 £ 100 FGox-100 192+ 04 1275 £ 28
FG-80 149 £23 784 £ 110 FGox-80 119 £ 20 722 £52
FG-20 11.8 £ 0.5 721 +9 FGox-20 103 £15 654 £ 39
FG-Comp 56+£0.1 352+1 FGox-Comp 10.1 £ 0.6 454 + 28

2 Rigidity against the collapse of microscopic cavities; ? Stress at 10% strain.
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Our values are in the same range as data obtained on biobased isocyanate PU by
Valette et al. [40] and Peyrton et al. [41] with compressive stress ranging from 0.1 and
0.5 MPa and a modulus between 12 and 63 MPa. On malt bagasse/cassava starch degrad-
able composite systems, another research team demonstrated stress between 11 and
18 MPa [10], which is also in good agreement with the values of the present paper.

Figure 6 shows the compression curves at 20% of 20 mm thick flax gum rigid foams
including two distinct gradients. In the first part, the load deformation curve has a constant
slope, corresponding to the elastic deformation region and the higher compression modulus
domain of the material. Then, the increase in deformation leads to damage, the rigid foams
and composites no longer being able to support the load. From this level of compression,
the network of interconnected pores collapses into an agglomerated matrix.
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Figure 6. Stress vs. strain curve of flax materials obtained from native flax gum (A) and from oxidized
flax gum (B).

The examination of the results shows that the FGox-100 foam, which has the highest
density, is also the most resistant and that all of other materials give similar results. This
significant difference is due to the important curing effect obtained with the oxidized gum,
which reinforces the mechanical properties of the FGox-100 foam compared to the FG-100.
Furthermore, the better textural homogeneity of FGox-100, which does not present fractures
like its counterpart FG-100, is consistent with its high mechanical properties.

Introducing 20% epoxy resin into the mucilaginous matrix strongly reduces the me-
chanical strength of the oxidized gum FGox-80, while the opposite effect is observed for
the native gum FG-80 (Table 2). This is probably due to a lack of miscibility between the
components as evidenced by the SEM pictures, which show some resin inclusions in the
flax gum matrix (see Supplementary Materials). In addition, when epoxy resin is predom-
inantly introduced (FG-20 and FGox-20), the effect of the gum is significantly reduced,
resulting in materials with similar mechanical performance. Finally, the results obtained
for FG-Comp and FGox-Comp (48% fibers, 12% flax gum, and 40% epoxy resin) show that
the oxidized composite has almost identical mechanical properties to the foams while the
use of original non-oxidized components results in a decrease by a factor of two in their
mechanical performances. This is consistent with the greater textural homogeneity of the
composite system, highlighting again the miscibility of the components of FGox-Comp.
The macromorphological analysis of the fracture profiles of the composites at 10% strain
(Figure 7) shows spalling and heavy fracturing of the non-oxidized materials. The oxidized
materials appear to be more cohesive and more likely to resist compression.
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Figure 7. Fracture profiles of flax materials.

3.4. Thermal Properties of Flax Gum Foams and Composites

Thermal conductivity depends on many factors: the phase of a material (solid, liquid,
gas), its chemical content and structure, the interfaces between phases/components, the
presence of porosities, and their shapes [42]. Values of the thermal conductivity of the flax
gum FG-100 (0.054 & 0.001 W-m~1.K~!) are consistent with the ones reported by other
authors for similar systems (Table 4) [43].

Table 4. Thermal parameters of foam based on flax mucilage.

Sample S\(I)r:;ltllctgitly Difrf:zs/i:ity
FG-100 0.054 + 0.001 (1.53 + 0.07)-10~7
FG-80 0.065 4 0.001 (1.40 £ 0.09)-10~7
FG-20 0.057 4 0.001 (1.45 + 0.06)-10~7
FG-Comp 0.064 + 0.001 (1.40 + 0.05)-10~7
FGox-100 0.082 4 0.001 (1.42 £ 0.07)-10~7
FGox-80 0.095 + 0.002 (1.53 + 0.06)-10~7
FGox-20 0.041 4 0.001 (2.55 & 0.17)-10~7
FGox-Comp 0.078 + 0.001 (1.40 + 0.07)-10~7

Non-oxidized and oxidized flaxseed gum/epoxy materials have very dissimilar ther-
mal conductivities. Non-oxidized ones have thermal conductivity values ranging between
0.054-0.065 W-m~1.K~! and the oxidized ones (except FGox-20) have values between
0.082-0.095 W-m~1-K~1. These differences can be explained mainly by the higher densities
and lower porosity values for the oxidized samples compared to the non-oxidized ones,
while the shape of the pores has a negligible effect, as shown when the thermal conductivity
values are compared with the porosity shapes depicted by the micro-CT images (Figure 4).
The FGox-20 exception (thermal conductivity of 0.041 W-m~!-K~1) can be explained by the
high porosity of the matrix ~79% (Cf. Table 2) caused by the opening of the pores and the
development of microcracks during curing (Figure 5F). Mucilage (oxidized or non-oxidized)
can also affect the overall thermal conductivity, but this should be less predominant than its
induced effect on the sample density and porosity. This explanation is substantiated by a
recent article [26] on the modeling of effective thermal conductivity of structures composed
of flax gum (FG-100) and epoxy resin. Porosity proved to be the predominant factor influ-
encing the effective thermal conductivity of samples as a function of the mucilage/epoxy
ratio. The composites showed the same trends as their corresponding flaxseed gum materi-
als, with the thermal conductivity of FG-Comp being lower than that of FGox-Comp. For
both non-oxidized and oxidized flaxseed gum materials, the incorporation of 20% epoxy
resin leads to an increase in the thermal conductivity whereas a decrease is observed at 80%
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epoxy introduction. Overall, the variation in thermal diffusivity depends on the flax gum
filler. A decrease is observed as the thermal conductivity increases for native mucilage,
while an opposite trend is found for oxidized polysaccharides. This result highlights the
difference in the internal pore network structure between the two types of material. Based
on these results, it can be inferred that the native-based matrix materials (FG) may be
more suitable for thermal insulation applications than the oxidized-based matrix materials
(FGox) due to their lower effective thermal conductivity values.

4. Conclusions

In the present work, various foams based on flax gum-filled epoxy resin were produced
and two foam-based and short flax fiber-reinforced composites were developed. The
microstructural analysis highlighted the influence of the chemical modifications on the
internal structuring of the pore networks and material porosity. The mechanical analysis
showed how the oxidation of the gum resulted in higher stiffness and strength values. This
is attributed to better hardening due to the oxidation of the flax gum. The incorporation of
epoxy resin and short flax fibers induced a significant decrease in mechanical performance
even when the oxidized gum was considered. In addition, the incorporation of flax fibers
at 48% did not change the stiffness but, very interestingly, significantly increased the
cohesion and bio-based content of the composite. As expected, the thermal properties were
correlated with the material’s density and porosity, and the results are consistent with the
current literature. These results are promising for using flax gum as a filler in composites,
and the modulation of the gum and fiber contents should be investigated to optimize the
overall performance of the materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcs8070244 /s1, Figure S1: FTIR spectra of (A) native and oxidized
Flax gum; (B) Flax fibres (F1 and Flox); Figure S2: FTIR spectra of (A) Oxidized Flax gum filled epoxy
filled foams (FGox-80 and FGox-20); (B) composites FG-Comp and FGox-Comp; Figure S3: SEM
images of the cross-section morphology of composites.
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