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ABSTRACT

We herein propose capitalizing on strong hydrogen bonding from novel bio-CO,-derived dynamic thermosets
to achieve high-performance natural fiber composites (NFC) with circular features. CO,- and biomass-derived
polyhydroxyurethane (PHU) thermosets were selected, for the first time of our knowledge, as matrices for
their ability to make strong H-bond, resulting in outstanding mechanical properties for NFC. Exploiting this
H-bond key feature, exceptional interface bonding between flax and PHU was confirmed by atomic force
microscopy and rationalized by atomistic simulation. Without any treatment, an increase of 30% of stiffness and
strength was unveiled compared to an epoxy benchmark, reaching 35 GPa and 440 MPa respectively. Related
to the thermoreversible nature of hydroxyurethane moieties, cured flax-PHU were successfully self-welded and
displayed promising properties, together with recyclability features. This opens advanced opportunities that
cannot be reached with epoxy-based composites. Implementing CO,-derived thermosets in NFC could lead to

more circular materials, critical for achieving sustainability goals.

1. Introduction

Natural cellulosic fibers (NF) such as flax, hemp, or sisal are deemed
to replace glass fibers in many composite applications [1]. Their at-
tractiveness lies in their renewability, high specific mechanical prop-
erties [2], low environmental footprint [3], and cost-effectiveness [2],
particularly in the context of structural materials. Despite the signifi-
cant advances in natural fiber composites (NFC) over the last decades,
finding eco-friendly polymer matrices, particularly fully bio-based ther-
moplastics and thermosets, remains challenging. For instance, fully
bio-sourced thermoplastics, such as polylactic acid (PLA), present lim-
ited interfacial affinity with NF, leading to poor mechanical properties
for the resulting composites [4]. Although the surface treatments of
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fibers are beneficial for the adhesion quality, these are hampered by
high costs, sustainability concerns, and scalability issues, and may
provoke undesirable decreases of other composite properties [4]. By
contrast with their thermoplastic counterparts, bio-sourced thermosets
afford better adhesion strength [5], resulting in composites with higher
mechanical performances. Among them, the combination of epoxy-
amine (EP) resins with NFs has delivered structural composites whose
remarkable performances [6] result from the presence of H-bonds and
the potential reaction between oxirane and hydroxyl moieties [5].
However, the sustainability of structural composites, particularly their
poor environmental footprint, remains a severe concern. While a few
bio-based thermosets have made their way into the market or are
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being explored for structural applications [7], the demand for greener,
safer, and more high-performing alternatives persists. One notable
example of progress in this direction is the utilization of a partially
bio-based epoxide, i.e. GreenPoxy from Sicomin [8,9], which is a
bisphenol A-type resin obtained from bio-based epichlorohydrin. While
solutions to green the fabrication of structural composites are quickly
progressing [10], addressing the end-of-life scenario of such epoxy
composites is challenging, yet being mainly related to energy recovery
and landfilling [11].

In this context, the utilization of poly(hydroxyurethanes) (PHU),
a non-isocyanate polyurethane family [12], has gained growing at-
tention in materials science. Easily accessible from precursors of bio-
and CO,-origin, these resins display on-demand modular and high-
performance properties. Being considered viable alternatives to conven-
tional polyurethanes (PUR) made from carcinogenic, reprotoxic, and
mutagenic isocyanates as their main PUR precursor [13], PHUs are
obtained from the step-growth reaction of polyamines with polycyclic
carbonates (CC). Cyclic carbonates are produced through an efficient,
and cost-effective transformation of (bio-)epoxides precursors with CO,
under solvent- and purification-free conditions [14]. Structurally, PHUs
differ from PURs by the presence of hydroxyl moieties pendant along
the main chain skeleton, providing hydrophilicity to the resins [13]
while favoring the ability of PHU chains to create multiple hydrogen
bonds, which is of particular interest for NFCs.

Besides the high potential for their biobased production, the
hydroxy-urethanes formation is reversible and these linkages can be
involved in transcarbamoylation reactions, a rearrangement mecha-
nism that makes PHUs adaptive networks [15]. Such covalent adap-
tative networks (CAN) can be potentially recycled, upcycled, or re-
processed under appropriate conditions [15-17]. Recent discoveries
have illustrated the utility of PHUs as an alternative to isocyanate-
based polyurethanes, despite being limited yet to academia. Addition-
ally, PHUs have thus far been merely considered as replacements for
isocyanate-based polyurethanes in their conventional applications [18],
i.e., as adhesives, coatings, or (self-blowing) foams, while their promis-
ing properties could be major assets in other applications.

To the author’s best knowledge, PHUs have never been investi-
gated in the realm of sustainable composites, particularly for NFC, nor
compared to their epoxide counterparts. Capitalizing on the intrinsic
PHU features, a new generation of recyclable composite materials
from biocarbon and/or CO, origin with remarkable thermo-mechanical
performances could be designed. The hydrophilic nature of PHU and
the presence of additional OH moieties should create resins with better
affinity for NF while proposing a viable end-of-life recyclability sce-
nario through repurposing of the structural composites through hot
compression molding.

The wide structural diversity of PHU precursors [19] has already
allowed the construction of PHU thermosets with adaptable thermo-
mechanical properties [20], mostly for adhesives [21], coatings [22]
and foams [23]. However, no thermosetting PHU formulations are
responding to the requirements of the composite industry in terms of
processability and material performance. Interesting carbonate precur-
sors, such as pentaerythritol- [20] or trimethylolpropane-based [20,24]
CCs have delivered PHUs with promising properties for composite
applications. In such applications, the expected performances include
a strain at break exceeding 3%, slightly larger than those of structural
natural fibers [2] and Young’s modulus ranging from 1 to 4 GPa.
In a recent study [24], our research team highlighted the complex
crosslinking behavior through a rheological study of these bio-based
CCs cured with m-Xylylene diamine. Although reactive PHU formula-
tions may face high viscosity and long curing times issues in the realm
of composite manufacturing, at the current development stage, they
remain promising platforms with many advantages. Especially, their
high thermo-mechanical properties and reprocessability, remain of par-
ticular interest for NFCs. In our previous work, PHU thermosets with
high modulus and stress were developed while maintaining satisfactory

Composites Part A 185 (2024) 108311

ductility. Glass transition temperatures over 60 °C were obtained,
comparable to most of the current market solutions [25]. Notably, all
formulations proved to be reprocessable under catalyst-free conditions
through a simple thermo-mechanical procedure. These interesting fea-
tures open new doors in terms of manufacturing and end-of-life of such
bio-based composites.

In this work, we propose the use of this unique PHU chemistry
to manufacture unidirectional flax-based laminates by thermocompres-
sion. Trimethylol Propane Carbonate (TMPTC) was chosen as a sus-
tainable precursor due to its appropriate properties for NFCs and suf-
ficient flowing characteristics suitable for composite manufacturing.
Trimethylol propane can be derived from starch and sugars through en-
zymatic processes [20]. Subsequent bio-epoxy can be obtained from the
epoxidation of (bio)polyols with glycerol-derived epichlorohydrin. m-
Xylylene diamine (MXDA), a potentially furfural-derived diamine [26],
was considered as the curing agent. It is important to note that due
to the low availability of biobased amines, the one used in this work
remains oil-based. The neat PHU thermoset was characterized and com-
pared to an epoxy counterpart made from trimethylolpropane trigly-
cidyl ether. Notably, CCs being obtained from epoxide monomers,
such precursors can be also polymerized by aminolysis enabling the
direct comparison between the material properties made from both
epoxy or CC precursors. The reaction schemes are presented in Fig. 1.
Unidirectional flax laminates were then manufactured and deeply char-
acterized from morphology to mechanical performance. The study was
completed by Atomic Force Microscopy and quick atomistic simulations
to better understand the interactions at the interface of the PHU and
flax. Their fire behavior was also assessed as a major requirement
in structural applications. Finally, taking advantage of the dynamicity
of the hydroxyurethanes in PHU networks, single-ply flax-PHU sheets
were cured and later welded as pre-preg materials.

2. Materials and methods
2.1. Sample preparation

2.1.1. Materials

Trimethylol Propane Triglycidyl Ether (TMPTE, DENACOL EX321,
biobased grade, Epoxy Equivalent Weight EEW = 140 g/eq) was kindly
supplied by DENACOL NAGASE Chemtex. 1,8-Diazabicyclo[5.4.0]
undec-7-ene (DBU), Tetrabutylammonium iodide (TBAI), and 4-(dimet-
hylamino) pyridine (DMAP) were purchased from Sigma-Aldrich. m-
Xylylene Diamine (MXDA) was bought from TCI. Air Liquide provided
the carbon dioxide. All chemicals were used as received without any
further purification. Flax fiber tape (FlaxTape UD110, 110 gm™2)
was purchased from EcoTechnilin. Carbon fiber quasi-unidirectional
tape (CF-UD100, Pyrofil TR50S 15k, 100 g m~%) was purchased from
Mitsubishi. Trimethylolpropane triglycidyl carbonate (TMPTC) was
synthesized at the kilogram scale following an already-reported pro-
cedure [24], details are reported in supporting information.

2.1.2. Synthesis of the epoxy and polyhydroxyurethane thermosets

To expedite the curing process of PHU, 1 mol% of DMAP was used
as a catalyst. The choice of catalyst and load was made based on an
internal study, which revealed no alterations in the network structure
or final properties but enhanced the curing process. Related results
from this study can be found in the second section of the supporting
information.

All epoxy and PHU thermosets were cured with an equimolar ratio
of reactive functions in a similar procedure as reported elsewhere [24].
The precursors were degassed under vacuum at 60 °C for one hour
before use. The PTFE molds were preheated at 60 °C. After adding
the MXDA hardener to the monomer, the mixture was mixed manually
for 5 min. The homogeneous mixture was poured into the mold of the
wanted shape and pressed at 80 °C and 3 bar for 2 h followed by one
hour at 100 °C in an oven. A final post-curing of 1 h at 150 °C was
performed to complete the curing.
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Fig. 1. (a) Formation of cyclic carbonate by addition of CO, to epoxy, (b) Epoxy-amine representative network, and (c) PHU representative network. (Full line insets represent
the network crosslinking node, and dotted line insets represent the potential inter-/intra-molecular H-bond formed.).

2.1.3. Unidirectional composite manufacturing

Flax unidirectional hand lay-up laminates (200 x 150 mm?) were
manufactured by thermocompression with a [0]4 stacking sequence. To
impregnate the fibers, the epoxy-amine and CC-amine mixture were
prepared by weighting about 1.4 times the mass of fibers. The plies
were stacked in a 60 °C preheated Teflon-coated steel mold with a line
of resin. This process was reported to provide high fiber volume content
with fairly viscous resins and natural fibers [27]. The two axial edges
were left free to allow air and matrix excess to flow out. The mold was
gradually pressed to 4 bar to ensure an entire impregnation of the fibers
and cured following the protocol described in Section 2.1.2, i.e. 2 h at
80 °C, followed by 1 h at 100 °C. The post-curing was conducted in an
oven after unmolding for 1 h at 150 °C. The flax-PHU and flax-epoxy
composite are referred to as F-PHU and F-EP, respectively.

Sections were precisely cut from the obtained plates using a metallic
guillotine to prepare the samples. Before testing, these samples were
conditioned at 23 °C and 50% RH to guarantee moisture equilibrium.
The fiber mass was estimated from the reinforcement areal weight using
Eq. (1). Fiber volume fraction (V;) was calculated using Eq. (2) and
void content (V,) was calculated using Eq. (3).

me=nxA, xS (€D}
my
2
Vf: W (@3]
123 Pm
w. w
V,=1-p (2 4+ L) 3)
Pm Py

in which n is the number of plies, S is the sample’s surface, and A, is
the reinforcement areal weight. p,, m,, and w, refer to the density,
the mass, and the weight fraction respectively. f subscript refers to
fibers, m to the matrix, and ¢ to the composite. Flax’ density was fixed
at 1.39 g.cm™3. Matrix density values were measured in ethanol using
Archimedes’s principle.

2.1.4. Welding of flax-PHU pre-preg

Single-ply laminates were manufactured under the same condition
described in Section 2.1.3. The single-ply thick sheet was then cut into
70 x 70 mm? square. Six plies were then stacked into an adapted steel
mold with a Teflon protective layer. After a preheating step of 15 min
in a press at 160 °C, 3 kT force (around 6 MPa) was applied. Both
temperature and pressure were maintained for 15 h to efficiently weld
the laminates. The obtained plate was then unmolded and cut into
three-point bending test samples with a guillotine. The protocol was
fixed to ensure the best results given the previously obtained conditions
published in [24].

2.2. Characterization

Detailed information on the experimental characterization can be
found in section 1.3 of the supporting information.

2.3. Analytical and numerical models
2.3.1. Theoretical modulus calculations

To normalize the experimental values and thus obtain an estimation
of the adhesion efficiency, the Chamis’ micromechanical model [28]
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Fig. 2. Representation of the used structures for the atomistic simulations.

was used. Chamis’ model was preferred to the traditional Rule-Of-
Mixture for its better estimate of the elastic properties. The dramatic
effect of porosities on the properties was not considered due to the
uncertainties of its measurements and the low differences between the
manufactured samples. The theoretical longitudinal bending modulus
was computed using Eq. (4) and the theoretical transverse modulus was
calculated using Eq. (5). Matrix properties were taken from the present
study. Reinforcement properties are summarized in Supp.Tab.2.

Ep, =VEy, +(1-VpE, &)
E
ETlh = - (6]
1= \V;(1 = E,/Ep )
where E,, is the matrix modulus, E 1, and Ezzf are the fiber longitu-
dinal and transverse modulus respectively.

2.3.2. Atomistic simulations

To estimate the complexation energies of F-PHU and F-EP assem-
blies and their structural characteristics, molecular mechanics and
molecular dynamics simulations were first performed on isolated PHU,
EP and a short fragment of cellulose (see structures in Fig. 2) with the
Dreiding force field and using the Gasteiger method to assign atomic
charges, as implemented in the Materials Studio package [BIOVIA,
Dassault Systémes, Materials Studio 2022, San Diego: Dassault Sys-
temes, 2021]. Successive quenched dynamics at different temperatures
were performed until no further improvement of the total energy
of the system was found. Based on the optimized structures of the
isolated fragments, F-PHU and F-EP complexes were built and submit-
ted to quenched dynamics simulations to extract their lowest energy
structures. Finally, both the lowest energy structures of the isolated
fragments and the complexes were re-optimized at the DFT level using
the B3LYP functional, a 6-31G** basis set, and the GD3BJ Grimme’s
dispersion correction [29]. The reported complexation energies corre-
spond to the energy difference between the DFT-calculated energy of
the complex and the sum of the DFT-calculated energies of the isolated
fragments. The reported H-bond lengths were also extracted from the
DFT-optimized complexes.

3. Results and discussion
3.1. Comparison of the properties of PHU and epoxy thermosets

Before editing NFCs from PHU resins, benchmarking of the thermo-
mechanical performances of neat epoxy and PHU matrices has been re-
alized. To date, wunidirectional NFCs with the highest
thermo-mechanical properties are commonly achieved with epoxy-
amine systems [30,31]. Switching from epoxides to cyclic carbonates

Table 1
Comparison between epoxy and PHU neat matrices properties used for composite
impregnation (mean + standard deviation).

Epoxy PHU
GCryr % 98 +1 9 +1
p gem™ 1.19 + 0.01 1.26 + 0.02
Isothermal Ninit Pas 0.10 1.30
rheology Pot Life min 6.5 19.0
80 °C Gel Time min 6.5 49.0
TGA T, °C 315 284
Chargyyc % 13.3 15.2
Tensile E GPa 25+ 0.1 25+ 0.2
Cpietd MPa 55.1 + 2.0 88.8 + 5.1
€ ield % 29 +0.1 4.2 + 0.6
3Pt E GPa 2.7 + 0.2 44 +0.1
bending O ield MPa 104.6 + 2.7 163.5 + 1.4
€ ield % 5.8 + 0.5 48 +0.3
DMA T, °C 70 78
Ec MPa 1746 3129
El bers MPa 23.0 6.6
v mol m~3 2346 657

e

implies a substantial change in terms of polymerization features, com-
posite processing, and microstructure of the resins [32]. This questions
the effect of the precursor change on the processability and final
physical properties of the crosslinked polymers, especially in view
of composite materials fabrication, and assesses the interest of PHU
chemistry over epoxy systems.

It was previously reported that the CC conversion from epoxide
led to a significant increase in the viscosity [24], likely altering its
processability. To investigate this, we analyzed the curing behavior
and viscosity evolution through isothermal rheology at the curing
temperature of 80 °C. Figures and data related to this test can be found
in the SI (Supp. Fig. 5) and Table 1. The rheological behavior of the
PHU and the epoxy formulations show notable differences. The PHU
displays a continuous increase in viscosity followed by a plateau with
conversion progressing at a slower rate. Conversely, the low viscosity
of the epoxy resin does not show any significant changes at the very
beginning of the test and gelation occurs rapidly, resulting in a steady
increase of the viscosity after a few minutes. It is worth noting that the
initial viscosity of the PHU mixture was significantly higher than that
of the epoxy formulation by a factor of 10. With a viscosity of 0.1 Pa
s, the epoxy possesses a very low viscosity making it a commonly used
reactive diluent and suitable for most infusion processes [31]. On the
opposite, the PHU formulation presents an initial viscosity of 1.3 Pa s
which rapidly increases to reach a plateau. Such particular behavior
can be explained by secondary H-bonding generated during PHUs
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Fig. 3. (a) Thermo-mechanical behavior, and (b) three-point monotonic bending stress—strain curves of the epoxy and PHU neat matrices used for composite impregnation.

curing. These newly formed bonds result in higher viscosity, and lower
reactivity due to the steric bulk hindrance effect [33]. Even though such
resin can lead to elevated viscosity during curing, their curing behavior
remains satisfactory for small-scale thermocompression [31,34].

Mechanical and thermo-mechanical properties of the fully cured
thermosets were assessed through Dynamical Mechanical Analysis (DMA)
(Fig. 3a), three-point bending (Fig. 3b), and tensile tests (Supp. Fig.
7). The thermal stability was evaluated by thermogravimetric analysis
(TGA) under N, gas (Supp. Fig. 6). All values are reported in Table 1.
Interestingly, the PHU thermoset displays a notable improvement re-
garding the thermo-mechanical properties. DMA highlights a superior
glassy modulus at room temperature, from 1.7 GPa for the epoxy up
to 3.1 GPa for the PHU. The « transition relaxation (T,), relative to
the glass transition, marks the change from the glassy domain to the
rubbery domain. This transition, as determined at the maximum of
the tan$ curve, occurs at a slightly higher temperature in the case
of the PHU. In particular, the PHU shows an 8 °C higher transition
temperature, rising from 70 °C for the epoxy to 78 °C for the PHU.
Moreover, the sharp and narrow peak in the tan$ curve indicates a
homogeneous network structure. The large intensity of the tané$ peak
of the PHU compared to the epoxy reveals drastic changes in the
thermo-mechanical behavior. This heightened intensity, alongside the
lower crosslinking density of PHUs, highlights the excellent damping
capacities of the material [35].

This change is mainly related to the difference in the macromolec-
ular structure of the network. Indeed, in addition to the effect of the
precursor structure (aromatic, aliphatic...), it has been demonstrated
that the thermo-mechanical properties of amorphous thermosets are
significantly affected by the crosslinking density [36] and the hydro-
gen bonding [37]. Herein, the ring opening of oxirane by amines
leads to secondary (primary amine reacting) and tertiary amines (sec-
ondary amines reacting) with free pendant hydroxyl groups [38]. Con-
sequently, the resulting network is highly crosslinked with a density of
2346 mol.m~>. In contrast, for PHUs, only primary amines react with
CC [12], and lead to a hydroxyurethane moiety [18]. This results in
a significantly lower crosslinking density, with 657 mol. m~3. Hence,
the two macromolecular structures are relatively close due to the
precursor’s similar structures but differ in linkage nature, crosslinking,
and H-bonds density and type. These differences explain the superior
thermo-mechanical properties of PHUs over epoxide counterparts at
room temperature. Both H-bonds and macromolecular structure con-
tribute to a high glassy modulus and an elevated T, while the presence
of numerous weak hydrogen bonds maintains a ductile behavior and
an elevated modulus. After reaching the rubbery state, the H-bond den-
sity and strength significantly decrease and its total strength becomes
insufficient, making the thermo-mechanical properties of the PHU only
dictated by covalent bonding. Together with a crosslinking density of
2346 mol. m~3, the epoxy exhibits a higher rubbery storage modulus

than the PHU. This behavior is also observed with both monotonic
tensile and three-point bending tests. In tensile, a similar Young’s
modulus of 2.5 GPa is obtained for both thermosets. However, the
PHU exhibits a significant increase of 61% and 47% of the stress and
strain at break, respectively, over the epoxy counterpart. In three-point
bending, both modulus and stress are increased in PHU by 63 and 56%,
respectively, while maintaining a comparable level of ductility. It is
worth noting that if the strain at yield in bending is similar, no break
was reached for our PHU materials.

The different trends in tensile and bending behavior can be likely
explained on the basis of other organic materials. The presence of
H-bonds has been shown to increase the shearing properties of or-
ganic materials [39], explaining the higher modulus and stress during
bending of the PHU compared to the epoxy counterpart. Although
three-point bending tests are not supposed to exhibit shear in the Euler—
Bernoulli beam theory, we cannot completely avoid it during our tests.
In tensile testing, this shearing effect is not present and the lower
crosslinking density of the PHU can be counterbalanced by H-bonds
leading to a similar modulus. However, the macromolecular structure
allows the PHU to reach higher stress and strain at break than the
epoxy counterparts [37] thanks to its stronger H-bond interactions
even though the crosslinking density is lower (see the modeling section
below).

Regarding the thermal stability, TGA results show that the ther-
mal degradation is almost the same with a slight increase in the
char yield of the PHU over the epoxy counterpart. Overall, the study
shows a significant improvement in the thermo-mechanical properties
when moving from epoxy chemistry to polyhydroxyurethane chemistry.
These improvements highlight the substantial advantages of utilizing
carbonate derivatives as a means to readily enhance the properties of
thermosets. Furthermore, the obtained thermo-mechanical properties
were found to align perfectly with the requirements of NFC in the frame
of high-performance matrices [31].

3.2. Evaluation of flax-PHU (F-PHU) and flax-epoxy (F-EP) structural
composites

Unidirectional flax fiber laminates were then manufactured using
the two studied matrices. The obtained laminates and the Scanning
Electron Microscopy (SEM) images of their transversal cross-sections
are depicted in Fig. 4. The density, fiber volume fraction (V), and void
content (V,) were calculated for each specimen and summarized in Ta-
ble 2. To compare the adhesion efficiency, carbon fiber laminates were
also manufactured using the epoxy and PHU matrices; their pictures
and cross sections can be found in SI, and properties are summarized
in Table 2.

All laminates exhibit high V,, which are consistent with reinforce-
ments, resulting in 50% for F-PHU, and 48% for F-EP. These values are
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Fig. 4. Pictures of the manufactured laminates, SEM cross-section images with x80 magnifications and x700 magnifications (left to right) for (a-c) F-EP, and (d-f) F-PHU. 1: Matrix,

2: flax fiber, 3: fiber bundle, 4: adhesion discontinuity.

Table 2
Composite properties in three-point bending (mean + standard deviation).
Load Reinforcement Matrix P Vi v, E 4 € E,, E/E,,
direction gem™ % % GPa MPa % GPa
Longitudinal Flax EP 1.30 + 0.01 48.4 + 0.7 0.2 + 0.1 27.9 + 0.7 390.9 + 6.9 2.39 + 0.09 29.0 0.96
PHU 1.31 + 0.01 50.1 + 3.8 1.1 £ 0.4 35.2 + 0.6 438.2 + 8.1 1.94 + 0.08 30.7 1.15
Carbon EP 1.46 + 0.02 52.4 + 1.5 2.1 +£0.2 1324 + 2.5 1738 + 106 1.27 + 0.07 127.1 1.04
PHU 1.42 + 0.01 46.2 + 2.0 3.5+ 0.2 92.6 + 7.0 1283 + 186 1.49 + 0.16 113.3 0.82
Transverse Flax EP 1.30 + 0.01 48.7 + 0.4 0.2 + 0.1 22+ 0.2 259 + 8 1.62 + 0.32 5.0 0.43
PHU 1.31 + 0.01 51.5 + 2.7 1.3+ 03 54 +04 39.8 + 4.7 0.93 + 0.09 6.5 0.83
Carbon EP 1.46 + 0.02 56.6 + 2.2 2.6 + 0.2 8.7 + 0.5 83.1 + 3.9 1.19 + 0.09 7.4 1.18
PHU 1.42 + 0.01 46.3 + 2.4 35+03 7 +0.2 106.2 + 7.6 1.63 + 0.08 8.9 0.79

typical for flax composites obtained through thermocompression [27,
30]. V, range between 0.2% for F-EP to 1.1% for F-PHU, in the lower
range of flax fiber composites demonstrating the high quality of the
fiber impregnations [31]. The SEM images reveal well-impregnated
materials with no significant differences between each other and no
significant defects detected. Notably, the F-EP appears to have better-
impregnated fiber bundles (Fig. 4c) due to its lower viscosity, consistent
with the low porosity level. However, the SEM images reveal closer
proximity at the interface in PHU-based laminates compared to epoxy-
based one, suggesting a better affinity between PHUs and natural
fibers [6].

To investigate the interface at the microscale, Atomic Force Mi-
croscopy (AFM) was performed, and the results are displayed in Fig. 5.
Noteworthy, AFM images revealed superior wetting of the flax with
the PHU matrix compared to the epoxy one. This was evident from
the continuity of material observed between the flax and the PHU
matrix at the interface. Despite good impregnation, the F-EP reveals
discontinuity at the interface, revealing a lower affinity between the
fiber and the matrix. To the author’s best knowledge, it is the first time
that such results have been observed in the case of NFC. Such images
are consistent with the previously observed SEM images and highlight
the improved affinity between PHUs and natural cellulosic fiber due to
their hydrophilic character.

To gain atomistic insights into the enhanced affinity of PHUs with
natural fibers compared to epoxy matrices, a modeling study combining
a classical approach (molecular mechanics and molecular dynamics)

and quantum calculations (Density Functional Theory, DFT) has been
conducted (see Section 2.3.2). The calculations reveal higher com-
plexation energies for PHUs with natural cellulose (—23.4 kcal/mol)
in contrast to epoxy matrices (—21.2 kcal/mol). Despite the fact that
both complexes feature three stabilizing hydrogen bonds, the larger
complexation energy observed for PHUs with natural cellulose is at-
tributed to the formation of these hydrogen bonds with three distinct
atomic sites of cellulose, whereas in the case of epoxy matrices, the H-
bonds are localized to only two atoms as shown in Fig. 6. The increase
in the number of contact points on cellulose for PHU systems is a
consequence of the chemical characteristics of PHU, wherein the amine
and alcohol functional groups are more spatially separated compared
to those in epoxy matrices. This structural difference favors increased
interactions between PHUs and cellulose. Natural fibers are complex
hierarchical structures composed by celluloses (crystalline and amor-
phous), hemicelluloses, pectins, lignin, and others [2]. Therefore for
the sake of simplicity, the flax was modeled as a single repeating unit
of cellulose in the atomistic simulations. As a consequence, the model
should not be considered an accurate representation but an insight
into the complex interactions occurring at the fiber/matrix interface.
The results support the original hypothesis that implementing stronger
H-bonds in the polymer backbone through this novel PHU chemistry
would lead to a more intimate relationship between hydrophilic fibers
and the matrix. However, a better understanding of the true interfacial
interactions, chemically and physically remains required in the future
of natural fiber composite to embrace their potential fully. Such work
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Fig. 5. (a) AFM-PFT rigidity modulus (log scale) of cryo-microtomed F-PHU sample
(Inset: corresponding topographic image). (b) zoom of (a). (¢) AFM-PFT rigidity
modulus (log scale) of cryo-microtomed F-EP sample. (Inset: corresponding topographic
image). (d) zoom of (c).

should include more detailed and representative modeling of the fiber
structure.

The mechanical properties of the unidirectional laminates were
assessed by three-point bending tests in the two main orthotropic di-
rections: one with the load parallel to the fibers (referred to as F0), and
one with the load perpendicular to the fibers (referred to as F90). The
bending stress—strain curves of these materials are presented in Fig. 7
and a summary of their properties is shown in Table 2. It is important
to note that the bending behavior is affected by the material’s tensile,
compressive, and shear properties. Accordingly, the failure is initiated
by the weakest of these three constituents [40]. All tests consistently
exhibited low dispersion and low scattering of the results, confirming
the effectiveness of the processing method and the reliability of the
results.

In the longitudinal direction, high bending properties were achieved
for all materials, with a modulus of 28 GPa for FO-EP and an even
more impressive 35 GPa for FO-PHU. Additionally, these materials
displayed impressive ultimate stress values, with FO-EP reaching 391
MPa and FO-PHU achieving an even higher 438 MPa. Interestingly, the
FO-PHU material exhibits remarkable modulus and admissible stress,
surpassing its epoxy counterpart as well as previous studies in the
literature involving similar materials [6,8,9,41,42]. In this loading
direction, the matrix acts as a transferring agent of external forces to
the load-bearing fibers. Therefore, it is expected that the better the
interfacial adhesion, the higher the bending properties will be [6].
The strain at break of the laminates was slightly lower for PHU-based
laminate (2.39% for FO-EP, 1.94% for FO-PHU). This reduction is also
attributed to the improved affinity between the fibers and the matrix.
In the case of lower adhesion, fiber pull-out tends to occur, resulting
in a slight increase in the strain [5]. On the contrary, efficient load
transfer to the fibers leads to a sharp break of both the fibers and the
matrix [43]. This observation is further confirmed by the SEM images
of the fractured samples, as depicted in Fig. 8 where the fibers are
seen to be broken at the very failure facies for FO-PHU, while pulled-
out fibers are visible on the FO-EP. Hence, these initial results provide
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further support for the strong affinity between PHUs and flax attributed
to H-bonds, as previously stated through atomistic simulations, SEM
and AFM analyses.

Despite the remarkable superiority of the FO-PHU laminate in terms
of modulus and stress when compared to FO-EP, it is important to
note that similar behavior and high properties were achieved for all
laminates. In the longitudinal direction, the behavior is mainly gov-
erned by the reinforcement [6]. As a result, no significant differences
can arise. On the opposite, in the transverse direction, the behavior is
mainly brought by the matrix, and the fibers tend to act as defects [31].
Moreover, since the interfacial adhesion is directly submitted to the
load in tension and compression, the transverse properties give a good
insight into the interfacial strength [41]. In this transverse orientation,
PHU-based laminate exhibits high-performance behavior with a bend-
ing modulus exceeding 5.0 GPa and a stress of 40 MPa. The obtained
properties appear to be significantly superior to those of F90-EP, which
shows a bending modulus of 2.2 GPa and a bending stress of 26 MPa.
The properties obtained for F-PHU laminates are superior to equivalent
materials found in literature, which exhibit properties similar to F90-
EP [8,41]. This increase in performance can likely be attributed to
the improved interfacial adhesion, as previously elucidated through
atomistic simulations, AFM, SEM, and longitudinal bending analyses.
Importantly, these observations reveal that flax-PHU composites exhibit
high mechanical properties in both orthotropic directions, rendering
them interesting candidates for the NFC market.

In many studies, it has been found that both ¥V, and porosity con-
tent significantly impact material properties [2,31]. For these reasons,
Chamis’ micromechanical model was applied to compare normalized
moduli. The normalized value gives therefore an efficiency coefficient
of adhesion [44]. Interestingly, the theoretical longitudinal modulus is
comparable in all cases, with values around 30 GPa. When normalized,
the ratio of the FO-EP material is 0.96. In this reference case, the ratio of
moduli already highlights high compatibility and wettability between
this low-viscosity amine-epoxy resin and the fiber. F-PHU laminate
exhibits a ratio of 1.15, revealing important improvements in adhesion
efficiency compared to the epoxy systems. These results corroborate
the enhanced adhesion observed through mechanical tests and AFM
analyses. For transversal properties, where the adhesion significantly
affects the results, similar trends are observed. The adhesion efficiency
of PHU-based materials significantly outperforms that of the epoxy-
amine system. F90-EP exhibits an efficiency of 0.43, which is aligned
with literature findings [31]. As observed in the longitudinal direction,
the PHU matrix exhibits a significant increase in adhesion efficiency
with a ratio of 0.83 for FO0-PHU. These results, in addition to the first
observations and mechanical results back up the original hypothesis
that hydroxyurethane in the matrix would generate a stronger H-
bond than epoxy amine. Such improvement leads to higher mechanical
properties without requiring any fiber treatment. Therefore, the PHU
matrix not only leads to an increase in both the apparent mechanical
properties and calculated ones but also an increase in the adhesion
strength.

Theoretically, micro-mechanical models like Chamis’ assume perfect
adhesion between fiber and matrix, representing an ideal material.
Comparison to experimental data should lead to values lower than
1 [31]. However, the properties of natural fibers are dependent on
many parameters such as the year of production, variety of flax, and
fiber extraction methodology, leading to notable scattering of their
properties, in particular modulus and density [2]. Therefore, the chosen
values for the micromechanical model might slightly underestimate the
real properties of the reinforcement. Regardless, these values still allow
for meaningful comparison, especially considering that the reinforce-
ment remains within the same range and should be taken for internal
comparison within this study.

Carbon fiber composites, employing fibers specifically sized for
epoxy matrices (as bought), were manufactured for comparative pur-
poses with the NFC. Interestingly, the epoxy matrix leads to signifi-
cantly better mechanical properties in both orthotropic directions when
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AE =-21.2 kcal/mol

Fig. 6. Schematic representation of the interface of the composites with the DFT-optimized structure of the F-PHU (left) and F-EP(right) complexes. The numerical values correspond
to the lengths of the H-Bonds between PHU or EP and the cellulose and to the DFT(B3LYP/6-31G**/GD3BJ)-calculated energies for F-PHU and F-EP.
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Fig. 7. Three-point bending strain-stress of F-EP and F-PHU in (a) longitudinal and (b) transverse directions.

compared with the PHU matrix, as highlighted by the stress-strain
curves shown in Supp. Fig9. Moreover, in that case, the application
of Chamis’s model and the adhesion efficiency ratio highlights better
results for epoxy-based composites. This particularly highlights the
interest of PHUs to obtain high-performance NFCs without sizing agents
due to the intrinsic compatibility of NF and PHUs. The theoretical
model, along with monotonic bending tests, SEM images of broken
samples, and AFM analyses, highlight the improved interfacial strength
of PHUs with flax fibers due to better chemical and physical affinity,
in addition to the good wettability.

Flax-epoxy systems are known to have poor fire resistance proper-
ties [45]. This limitation leads to several challenges when considering
their use in applications such as transportation. Typically, the incorpo-
ration of halogenated or phosphorated compounds is usually required
to meet fire safety standards, but this approach is questionable in terms
of sustainability. Hence, we proposed here a straightforward evaluation
of the flammability of flax-PHU composites following the vertical UL-94
standard. F-EP and F-PHU were tested, and the results were compared.
Pictures of the tests are presented in Fig. 9. Notable differences between
the two materials were observed. The F-EP materials exhibit a typical
behavior of flax-epoxy material when no fire retardant is used, where
large flames catch up at the ignition and propagate quickly throughout

the sample, accompanied by significant smoke generation. Within less
than 70 s, the material was entirely consumed by the flames, leaving
behind the residual char that was too brittle to be handled, indicat-
ing the complete loss of the material’s integrity during the burning
test. On the opposite, Flax-PHU exhibits a smoother fire behavior.
Samples required more than two minutes to get burnt, with slower
flame propagation and no significant smoke generation. The residual
char was stable and cohesive in a single piece, revealing the retention
of some material properties and the formation of a stable protective
char layer. This observation was also corroborated by TGA (Supp. Fig.
10). Although the flax-PHU material does not meet the criteria for
self-extinguishing properties and is not classified as such in the test,
the behavior remains enhanced compared to the epoxy counterpart.
Potential dehydration and aromatization of the network could explain
such behavior and should be investigated in depth to fully understand
the involved mechanism.

In general, the combination of high thermo-mechanical proper-
ties, enhanced affinity between the fibers and the matrix, and the
enhancement of the fire behavior through the simple addition of CO,
in bio-epoxy opens an interesting new sustainable platform for natural
fiber. These composites appear to be of high interest to the transporta-
tion industry as they offer the potential to replace petro-based polymers
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Fig. 8. Representative SEM images of the three-point bending broken samples. FO-PHU with (a) x80 and (b) x300 magnifications, and FO-EP with (c) x80 and (d) x300 magnifications.

1: Fiber break, 2: Matrix break, 3: Fiber short pull-out, 4: Fiber long pull-out.
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Fig. 9. Pictures of composite samples during UL94 vertical burning test. (a) F-PHU, and (b) F-EP laminates.

and improve the sustainability of composite materials with improved
properties.

3.3. Welding of pre-preg PHU composites

Reprocessable thermosets constitute a significant breakthrough in
the composite industry as they can provide many opportunities such
as welding, reshaping, recycling of such materials, or recovery of the
fibers [46]. Upon heating, hydroxyurethane functions are subjected to
transcarbamoylation and dissociative reactions [15]. In transcarbamoy-
lation, bond exchanges between hydroxyl and urethane functions allow
the reprocessing of such thermosets under specific conditions without
loss of crosslinking density [16]. The dissociative reaction reforms the
cyclic carbonate and amine, thus leading to a decrease in the crosslink
nodes [16]. These two reactions give PHU thermosets the ability to be

catalyst-free reprocessed at elevated temperatures [24]. Exploiting this
unique feature, single-ply F-PHU laminates were manufactured. These
F-PHU sheets were then welded by thermocompression as represented
in Fig. 10a.

The obtained material was smooth and homogeneous despite the
harsh conditions required to weld the plies efficiently. The SEM picture
presented in Fig. 10b depicts efficient welding without any observable
welding line nor significative longitudinal discontinuity. When com-
pared to the non-reprocessable epoxy material in SI (Supp. Fig. 11),
which exhibits porosities, and identifiable ply lines, the SEM highlights
the good welding of the plies thanks to PHU dynamic networks. Three-
point bending was applied to assess the properties of the welded
laminate. The curves are presented in Fig. 10c, alongside the FO-
PHU manufactured in the previous section as a reference. The welded
composite exhibits a modulus of 30 GPa, a stress of 213 MPa, and
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Fig. 10. (a) Welding process of flax-PHU laminate. From left to right, single-ply cured sheet, stacking in the mold and cured plate. (b) SEM of the welded composite cross-section,
(c)Three-point bending strain-stress curves of the welded F-PHU composite in the longitudinal direction, (c) failure facies of the three-point bending specimen with x70 magnification.

a strain at break of 0.82%. The results are only slightly scattered,
revealing the overall material homogeneity and the reliability of the
process. The high modulus emphasizes the effectiveness of the welding
process [47]. Moreover, the failure facies presented in Fig. 10d disclose
neat and brittle failure of the fibers, leading to the catastrophic failure
of the entire material with no delamination observed. This further
highlights the efficacy of the welding process [47].

It is important to note that despite the rather good ultimate prop-
erties obtained compared to other works in the literature [30] and
the effectiveness of the welding, the laminate experienced a significant
drop in the ultimate properties, approximately 50%, compared to the
original material. This decrease can be attributed to the thermal degra-
dation of the fibers as stated in literature [2]. Prolonged exposure to
elevated temperature leads to a drastic change in the microstructure of
the fibers and their chemical composition, and thus embrittlement.

However, the welding of the flax-PHU composite must be seen as
a proof-of-concept, showcasing a specific added feature derived from
the shift of chemistry from epoxides to polyhydroxyurethanes. Here,
the materials were processed under catalyst-free conditions. Further ex-
ploration of optimized reprocessing conditions, catalysts, formulations,
and recycling methods [17] are expected to yield even more promising
outcomes. Such features open doors to the implementation of bio-based
recyclable structural composite with improved properties.

4. Conclusions

Despite the growing interest in natural fibers as reinforcement of
polymer matrix composites, the sustainability and compatibility of the
matrix used remain an issue. This work addresses such issues through
the development of sustainable matrices with enhanced properties
using non-isocyanate polyurethane chemistry. In particular, polyhy-
droxyurethanes (PHU) were synthesized from bio- and CO,- derived
cyclic carbonates and diamine. The physical properties of the neat
PHU were measured and compared to a similar epoxy network. PHUs
exhibit superior thermo-mechanical properties with a glass transition
temperature above 78 °C and a bending modulus exceeding 4 GPa.
The obtained properties were found to align with the requirements for
structural natural fiber composites.

For the first time, PHU was used to manufacture flax fibers’ unidi-
rectional laminates. The results indicated homogeneous impregnation

10

and enhanced wetting of the fiber with PHU compared to epoxy,
as confirmed by AFM measurements and rationalized via atomistic
simulations. The bending properties were among the highest reported
in the literature, with a modulus of 35 GPa, and ultimate stress and
strain of 440 MPa and 1.94% respectively. Interestingly, when nor-
malizing results through Chami’s micromechanical model, PHU-based
composites outperform epoxy ones by nearly 30%. Such an increase
was found to be specific to the natural fiber-PHU material as carbon
fiber composites were superior using epoxy resins. Taking advantage of
the inherent dynamic urethane linkages, we successfully manufactured
cured pre-impregnated laminates that were further welded to create
the final material. While this welding process has potential, further
optimization is required.

Polyhydroxyurethanes appear as a new sustainable platform suit-
able for the composite industry, particularly for applications in the
transportation market. PHUs however remain an emerging polymer
and comprehensive studies regarding the durability, aging, and envi-
ronmental conditions should be performed to facilitate the widespread
adoption of PHU-Natural fiber composites. The reprocessing and recy-
cling of the final material should be also investigated in depth. The
observed viscosity may pose a potential limitation for scaling up the
manufacturing of such sustainable materials, a challenge that we plan
to investigate in future research work.
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