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A B S T R A C T

Sustainability of fibre reinforced polymer composites has become vital for reaching the global sustainable
development goals. Natural fibres, particularly flax, and bioderived matrices are possible sustainable solutions
for the composites industry, due to the constituents’ embedded environmental impact reduction. According to
the circular economy paradigm, sustainability can also be achieved by delaying the disposal of materials. This
work reports the interfacial properties of flax fibres with three potentially sustainable advanced matrices, i.e.,
a vitrimer that combines the beneficial properties of both thermosets and thermoplastics, an entirely bio-based
thermoset, and an advanced thermoplastic resin. Each of the selected matrices offers the potential for either
recyclability, repairability, reusability, or the use of renewable sources and a reduction in the emissions of
volatile organic compounds. Microbond tests were used to evaluate the interfacial shear strength and critical
fibre length. It was found that the vitrimer and the bio-based thermoset matrices had a higher level of adhesion
with flax fibres (∼20 and ∼24 MPa, respectively) compared to a traditional epoxy matrix (∼12 MPa); the
advanced thermoplastic resin (∼6 MPa) shows the poorest adhesion. The vitrimer matrix was selected as a
candidate for a sustainable and repairable discontinuous flax fibre reinforced composite. Mechanical and low-
temperature rapid repair performance of an aligned discontinuous flax fibre composite, produced using the
HiPerDiF method, were investigated. End-to-end and single patch repair methods were performed: vitrimer
matrix composites show the potential for a mechanical strength recovery (∼%50-70) that would allow them
to be reused over several life cycles, enabling a circular economy.
1. Introduction

Given their high specific stiffness and strength, fibre reinforced
polymer (FRP) matrix composites are a vital class of engineering ma-
terials allowing the manufacturing of light and strong structures [1–4].
Aligned discontinuous FRP (ADFRP) composites are one of the most
important categories of these materials, offering good processability,
i.e., the capability to be formed into complex shapes with limited
defects [5]. They also offer mechanical performance similar to those
of continuous FRP if high levels of alignment and optimum critical
fibre length are attained [6,7]. Moreover, the production of continuous
FRP structures is labour intensive and produces a significant amount
of manufacturing waste, which leads to high environmental impact
and costs [8–10]. In contrast, manufacturing with ADFRP is potentially
more sustainable as the discontinuities in the reinforcement improve
their formability, facilitating defect-free manufacturing of structural
parts [7,11].

The HiPerDiF method, invented at the University of Bristol [12], is
a promising technology for the sustainable production of ADFRCs [13]

∗ Corresponding author.
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and the remanufacturing of reclaimed carbon fibres [14]. It has been
shown that ADFRPs produced via the HiPerDiF method have high
levels of alignment [15] and their mechanical performance are similar
to those of continuous FRP analogues [13]. Moreover, the HiPerDiF
method provides a lower environmental impact on FRP production
since the method operates with water as the alignment medium, unlike
traditional glycerol methods [16,17]. Therefore, a sustainable route for
high performance FRP can be potentially obtained when renewable,
biodegradable, or low environmental impact composite constituents
are used, such as natural fibres and sustainable matrices [18]. It has
been demonstrated that natural fibres can be used without any sig-
nificant deleterious effects within the HiPerDiF method despite the
use of water [19]. Several natural fibres have been analysed for the
HiPerDiF method [20], and their mechanical performance has been
investigated [21]. These studies found that flax fibres were the best
candidates amongst many natural fibres, given their higher mechanical
properties and enhanced compatibility with the process.
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To achieve high mechanical performances in ADFRP, one of the
crucial parameters is the critical fibre length, which is highly dependent
on the interfacial bonding between a matrix and a fibre [22]. Following
the fibre selection, the fibre-matrix interface is an essential selection
criterion for the sustainable matrix to develop a high-performance
ADFRP. Interfacial shear strength (IFSS) is a measure of the bonding,
adhesion, or the interaction between a fibre and a matrix material.
By using values of the IFSS, the critical fibre length, where the fibre
acts as effective reinforcement, can be calculated. The most common
methods to obtain IFSS for flax fibres with different matrix systems
are fibre pull-out [23–26], fibre fragmentation [27–30] and microbond
tests [20,31,32].

In this study, the interfacial properties of flax fibre/sustainable
matrices for high-performance ADFRPs were examined. The interfacial
performance of flax fibres was investigated using the microbond test
method [33] when coupled with three potentially sustainable advanced
matrices:

• an advanced thermoplastic resin, which offers recyclability and
reformability,

• an entirely bio-based thermoset, which offers the use of renewable
sources and a reduction in volatile organic compounds (VOC)
emissions,

• a vitrimer, a new class of polymer materials that shows re-
versible chemical cross-links and combines the beneficial prop-
erties of both thermosets and thermoplastics [34,35]; offering
recyclability, repairability and reusability.

For sustainable ADFRPs, vitrimers outweigh other matrices, due to
heir remarkable potential for use in the circular economy [36]. It
s also possible to derive them entirely from renewable sources [37].
t has been shown that a glass fibre reinforced vitrimer can be re-
aired by applying heat and pressure due to exchangeable disulphide
rosslinks [38]. It has also been demonstrated that composite specimens
an be reshaped in a hot press machine and can be recycled viamechan-
cal or chemical recycling methods. Furthermore, Tanyton et al. [39]
ave reported an energy-neutral closed-loop recycling process for a
alleable polyimine networked vitrimer resin/carbon fibre composite

n which it was possible to completely recover and reuse both compo-
ents. In addition, it was shown that delamination damage on carbon
ibre reinforced vitrimer can be perfectly repaired through simple heat-
ressing. Therefore, a vitrimer was selected as a sustainable matrix for
lax fibre reinforced composites since it satisfies the principles of a zero
aste hierarchy [40]. Aligned flax fibre reinforced vitrimer (ADFFRV)

pecimens were produced using the HiPerDiF method and investigated
echanically and physically. Two strategies were applied to repair
DFFRV, and the mechanical recovery performances were reported for

he ADDFRV and vitrimer specimens.

. Sustainable matrix selection

This part of the paper presents the interfacial characterisation and
nalysis of flax fibres with three potentially sustainable advanced matri-
es; an advanced thermoplastic, a bio-based thermoset, and a vitrimer.

promising matrix is selected for flax composites by considering
he interfacial shear strengths and its possible contribution to the
ustainability of FRPs.

.1. Materials

The flax fibres were grown and processed by Eco-Technilin-
laxtape™(Normandy, France) using a proprietary approach and were
sed as received. The tensile strength and diameter of the flax fibres
ere reported in a previous study [20], they were namely ∼580 MPa
2

nd ∼64 μm, respectively.
Arkema Elium®150 was selected as the advanced thermoplastic
resin due to its properties such as post-thermoformability, recyclabil-
ity, and mechanical properties similar to epoxy [41]. To prepare the
material, a blend of resin and hardener, was mixed well manually with
a 100:2 ratio, heated in an air oven at 40 ◦C for 20 min, and then held
at room temperature overnight.

Furacure, a poly(furfural alcohol)(PFA)-based developmental resin,
provided from Bitrez Ltd., was chosen as a bio-based resin, being a
REACH compliant polymer [42], of high bio-based grade with fire
resistance, which is advantageous in natural fibre composites [43]. The
resin was prepared using a 24:1 resin to hardener ratio, manually well
mixed, and cured at 160 ◦C for 120 min in an air oven according to
ecommendations by the manufacturer.

Vitrimax T100™, an imine-linked vitrimer procured from Mallinda
nc., was selected as a dynamically exchangeable covalent polymer net-
ork, offering both thermoplastic and thermoset features. Commercial
itrimers are comparative newcomers to the field of matrix chemistry,
lthough the concept was first observed in a laboratory scale over
decade ago [44]. Vitrimax resins offer remouldability, reshaping,

ovalent welding, recyclability, reusability, and high mechanical per-
ormance [45,46]. To prepare the resin blend, the hardener and resin
ere blended in the ratio (2.5:1), then carefully mixed manually, and

ured in an air circulating oven at 135 ◦C for 60 min.

.2. Microbond test

The microbond method [33] was applied to determine the inter-
acial shear strength (IFSS) of flax fibres with each of the selected
atrices. A schematic and a picture of the experimental test setups

or the microbond tests are shown in Fig. 1. The fibres were mounted
etween plastic end-tabs arranged in a silicone holder to maintain a
auge length of 40 mm. Dynamax 3139 adhesive was used to bond
he fibres to the end-tabs, and this was cured at ambient temperature
∼20 ◦C) under UV light (𝜆 = 368 nm) for at least 2 h. Resin droplets

were then applied to the fibres and cured following the procedures
outlined in Section 2.1. An optical microscope, Zeiss Axio Imager
M2 (Carl Zeiss AG, Oberkochen, Germany), was used to measure the
droplet position on the fibre, its size, and the embedded area for each
microbond test specimen. For the microbond test, a Dia-stron LEX820
Extensometer (Dia-Stron Ltd., Andover, UK) was used to deform the
samples with a microbond apparatus, which comprises of a microvice,
i.e., a thin metallic plate with a narrow cut in the middle to accommo-
date the fibre but to prevent the microdroplet from passing through (see
Supporting Information Fig. 1S). Microvice gap separation was varied
(gap sizes; 50, 80, 150, and 180 μm) depending on the diameter of the
droplet, which ranged from ∼70 up to 1000 μm, to achieve an ideal
contact for force distribution. More than 150 droplets were prepared
for each matrix system. However, the number of droplets produced and
successfully tested for each flax/matrix combination were 62, 57, 66,
and 73 for Elium, epoxy, Furacure, and Vitrimax resins, respectively.
Moreover, droplet embedded length varied between 260–1200, 180–
900, 150–650, and 170–1300 μm for Elium, epoxy, Furacure, and
Vitrimax, respectively. After each test, the fibre was observed using an
optical microscope to determine if debonding had occurred. Specimens
that showed debonding failure mechanisms were deemed admissible
for the calculation of IFSS. The IFSS between fibre and matrix was
calculated using Eq. (1):

𝜏 =
𝐹𝑑
𝜋𝑑𝑙𝑒

(1)

where 𝜏, F𝑑 , d, and l𝑒 denote IFSS, debonding force, fibre diameter and
embedded length, respectively. In Eq. (1), the denominator represents
the embedded area. It is worth mentioning that the high surface rough-
ness of flax fibres, 10 times higher than glass fibres [20], and their
elliptical cross-section [20] may have an effect on the calculated IFSS
value. However, to a first approximation, a circular cross section was
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Fig. 1. A schematic setup of the microbond test (above) and a photograph of the
experimental setup (below).

assumed since only a single fibre type is studied here for comparison
purposes.

For efficient reinforcement in short or discontinuous fibre reinforced
composites, the filaments must have lengths exceeding the critical fibre
length. This then maximises stress transfer between the constituents,
and the failure of the composite material is likely to be initiated by the
fibres rather than fibre-matrix debonding. The critical fibre length is
calculated using the following Eq. (2):

𝑙𝑐 =
𝑑𝜎𝑓
2𝜏

(2)

where l𝑐 , d, and 𝜎𝑓 represent the critical fibre length, diameter (within
the droplet), and fibre tensile strength, respectively.

2.3. Results and discussion

Fig. 2 shows the microbond test results for the sustainable matrices
coupled with flax fibre as a function of force and embedded area. As
reported before, fibres, exhibit several failure mechanisms during a
microbond test. These include shear failure (debonding), fibrillation of
fibres within the droplet (fibrillation), fibre failure in the vicinity of the
droplet (FFD), fibre failure (FF), and broken matrix (BM); a summary of
these has been previously published by Kandemir et al. [20]. Examples
of debonding failure, the mechanism experimentally admissible for the
calculation of IFSS, from the performed microbond tests for all sam-
ples are shown in Supporting Information (see Fig. S1–S3). To better
understand the interfacial performance of potential sustainable resins,
flax-epoxy (PRIME™20LV) system data from a previous study [20],
which was obtained with the same experimental methodology, were
included in this study for comparison.

A linear fit that passes through the origin was applied to the debond-
ing data to get the IFSS value, 𝜏𝑓𝑖𝑡, for the investigated fibre/resin
combinations. 𝜏𝑓𝑖𝑡 and 𝜏𝑚𝑒𝑎𝑛, which is the average IFSS values calcu-
lated for each debonding data using Eq. (1), are given in Table 1. A
good consistency was found between 𝜏𝑓𝑖𝑡 and 𝜏𝑚𝑒𝑎𝑛. Moreover, 𝜏𝑓𝑖𝑡 lines
were in good agreement by being within the range of upper and lower
bounds of 95% confidence intervals, as highlighted in Fig. 2.

Different behaviours were observed in failure types of flax fibres
with the advanced matrices. Fibre failures (FF and FFD) are less fre-
quently observed for Elium and epoxy matrices as compared to Fu-
racure and Vitrimax matrices. These data indicate that matrices with
stronger IFSS tend to show more fibre failure when coupled with
natural fibres. It is noted also that fibrillation failure occurs before the
applied force reaches the point of debonding, indicating that the fibres
have weaker interactions between the fibrils than the bond with the
3

Table 1
Interfacial shear strength values obtained by linear fitting (𝜏𝑓𝑖𝑡) and the mean of
interfacial shear strength values (𝜏𝑚𝑒𝑎𝑛), critical fibre length (l𝑐 ), and critical aspect
ratio (AR𝑐 ) of Elium, epoxy, Furacure and Vitrimax matrices coupled with flax fibres.
𝜌 and errors, ±, represent the correlation coefficient, and standard errors of the mean,
respectively.

Flax Fibre 𝜏𝑓𝑖𝑡 𝜏𝑚𝑒𝑎𝑛 l𝑐 AR𝑐
coupled with (MPa) (MPa) (mm) (mm/mm)

Elium 5.9 (𝜌:0.96) 5.9 ± 0.2 3.1 ± 0.7 48.9 ± 6.6
Epoxy 11.4 (𝜌:0.77) 11.8 ± 0.8 1.6 ± 0.4 24.4 ± 4.2
Furacure 23.1 (𝜌:0.90) 23.7 ± 1.5 0.8 ± 0.2 12.2 ± 2.1
Vitrimax 18.3 (𝜌:0.78) 20.0 ± 1.5 0.9 ± 0.2 14.5 ± 2.6

resin. Moreover, a BM type failure was observed for small embedded
areas (up to 0.10 mm2) for thermoset based matrices, whereas the
thermoplastic-based matrix (Elium) exhibited the same failure type
to 0.25 mm2. This may imply that BM type failure is expected for
smaller thermoset droplets in which the microvice damages the matrix,
or for thermoplastic droplets where there is an insufficient degree of
bonding within the microdroplet (see Fig. S4, Supporting Informa-
tion). Moreover, the residual stresses developed during the specimen
manufacturing stage, caused by the different curing or heat treatment
required by each polymer, may influence the results of the microbond
test; however, their effect is intrinsic to a particular fibre polymer
combination.

To compare IFSS values of the microbond test data, statistical
analysis was carried out using analysis of variance evaluated at a 95%
level of significance and a 𝑝-value <0.05. Fig. 3 presents this analysis,
showing the variance of IFSS values of Elium, epoxy, Furacure and
Vitrimax matrices with flax fibres.

This analysis demonstrates that Elium has a significantly lower IFSS
than epoxy resin. In addition, these are both significantly different to
Furacure and Vitrimax, which were found to have no statistically sig-
nificant difference. It was found that Elium shows the lowest adhesion
performance with flax fibres. On the other hand, the Furacure and
Vitrimax resins showed the highest level of adhesion, and they have a
higher level of adhesion with flax fibres than the standard Prime20LV
epoxy system. Moreover, the IFSS values for flax with different epoxy
systems have been reported variously as 13–17 MPa [26], 23 MPa [47]
by pull-out tests, 16–24 MPa (Prime20LV system) [29] by single yarn
fragmentation test, and 33 MPa (24 MPa with maleic anhydride siz-
ing) [30] by using single fibre fragmentation tests. It is noted here that
the ‘round-robin’ test programme has also shown that pull-out tests give
a higher IFSS value than the microbond tests [48]. Therefore, Furacure
and Vitrimax are expected to have a higher IFSS, given that pull-out or
fibre fragmentation tests have typically been carried out on these resin
systems. Although there is no consensus on which tests are the most
reliable, it is expected that the IFSS values of both resin systems will
be noticeably higher than the reported values in this study, hence also
reflecting higher tensile strength values for FRPs [49].

Fig. 4 reports both the critical fibre length and the critical aspect
ratio (AR𝑐) values of the all matrix — flax fibre systems. The data are
also summarised in Table 1. Increased reinforcement in discontinuous
flax FRP can be obtained when fibres with longer lengths than the
reported critical length values are used in the manufacturing stages.
Moreover, the critical aspect ratio concept may be of more technical
relevance than the critical fibre length [50], because different manufac-
turing processes may deliver fibres with different diameters but similar
mechanical properties [51].

2.4. Sustainable matrix selection

In the first part of this paper, the interfacial properties of flax fibres
with three potentially sustainable advanced matrices were investigated
and were compared with a commonly used commercial epoxy. It was
found that Furacure and Vitrimax matrices are good candidates for
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Fig. 2. Microbond test results of flax fibres with the (a,e) Elium, (b,f) epoxy, (c,g) Furacure, and (d,h) Vitrimax matrices in terms of force versus embedded area. (a–d) shows all
data obtained from the test consisting of different failure mechanisms, (e–h) panel shows data only for debonding failure (green dots). Green dash-dotted and blue dashed lines
represent 𝜏𝑚𝑒𝑎𝑛 and 𝜏𝑓𝑖𝑡, respectively. Red dotted lines show the upper and lower 95% confidence intervals (C.I.). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
making sustainable composites with flax fibres thanks to high interfa-

cial shear strength. Since reuse, repair, and recycling options fit with

end-of-life goals and provide more use of the already made-material,

the Vitrimax matrix was selected for further mechanical and physical

examination within discontinuous flax fibre composites.
4

3. Repair performance of vitrimer

This part of the paper presents the manufacturing, mechanical
and physical characterisation of short flax fibre reinforced vitrimers.
In addition, the rapid low-temperature repair performance of aligned
discontinuous flax fibre reinforced vitrimers (ADFFRVs) is uncovered.
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Fig. 3. Analysis of variance of interfacial shear strength data of Elium, epoxy, Furacure
and Vitrimax matrices with flax fibres. Green dot, red line, black lines, and blue
lines show mean, median, maximum and minimum values, and quarter percentiles
and control limit values, respectively. Unique letters a, b, and c represent where there
is a statistical difference (𝑝 < 0.05, N = 132), or not (c, 𝑝 > 0.05), for resins. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 4. The critical fibre lengths, l𝑐 (black), and the critical aspect ratio values, AR𝑐
(blue) of Elium, Furacure and Vitrimax with flax fibres. Error bars represent the
standard errors of the mean.

3.1. Materials and manufacture

To manufacture composite specimens, four layers of aligned 6-mm
long flax fibre preforms (75–85 gsm) produced via the water based
HiPerDiF fibre alignment method were sandwiched between five layers
of Vitrimax T100™ resin film (150–250 gsm) sourced from Mallinda
Inc. Further information about the use of the HiPerDiF technology to
align natural fibres can be found in [19,21]. The composite stack was
then cured by vacuum bag moulding in an autoclave at 135 ◦C at
1 bar pressure for 30 min followed by another 30 min at ∼6.5 bar
pressure. Pure vitrimer resin specimens were prepared using the same
semi-closed mould and cured at 135 ◦C at 1 bar for 30 min followed by
another 5 min at 3 bar. The glass transition temperature, T𝑔 , of Vitrimax
T100™ is 100 ◦C and the theoretical topology freezing temperature, T𝑣,
has not been disclosed. Since T𝑣 is governed by T𝑔 in polyimine vitrimer
systems, it can be assumed that T𝑣 is lower than or equal to the T𝑔 value
and can be determined by dynamic mechanical analysis [52].

3.2. Testing methodology

3.2.1. Tensile test
Referring to ASTM D3039/D3039M-17 [53], the ADFFRV and vit-

rimer specimens were tensile tested on an electro-mechanical testing
5

Fig. 5. Schematics of two composite repair strategies taken from a top view and a
side view of the specimens; (i) end-to-end repair and (ii) single-patched on samples
that are pre-fractured and repaired using (ii), and a schematic representation of the
repair process. White filled shapes and grey filled rectangular regions represent the
fractured specimen pieces and a patch, respectively. The patch is identical to the
original specimen.

machine at a test speed of 1 mm min−1. Extension was measured using
a video extensometer (IMETRUM, Bristol, UK) and converted to strain.
A 10 kN load cell (Shimadzu, Kyoto, Japan) was used to record the
load. The nominal sizes for specimens’ widths and lengths were 5 and
150 mm, respectively; no end-tabs were used, and the specimens were
gripped with hand-screwed clamps leaving a 50 mm gauge length.
The specimen thicknesses were between 1.1–1.4 mm for the ADFFRV
specimens and between 0.6–0.7 mm for the vitrimer specimens.

3.2.2. Visual characterisation
A high-resolution scanner (Epson Expression 11000XL, Epson, Shin-

juku, Tokyo) was used to acquire high-resolution images of the frac-
tured regions of the composite specimens. An optical microscope (Zeiss
Axio Imager M2, Carl Zeiss AG, Oberkochen, Germany) was used
to analyse cross-sections of the composite specimens. Cold mounting
followed by standard wet grinding and polishing for polymer matrix
composites was applied to make the specimens for cross-section anal-
ysis. A scanning electron microscope (Hitachi TM3030Plus, Hitachi,
Ltd., Tokyo, Japan) was used to analyse the fracture surfaces of the
composite specimens.

3.2.3. Repair strategy
A low-temperature and rapid technique was devised in order to

assess the repair performance of aligned discontinuous flax fibre vit-
rimers. Broken samples were placed in a semi-closed mould that was
then located between heated plates in a 50 kN load cell (Instron,
Buckinghamshire, UK). Then a 0.69 MPa pressure was applied for
5 min at 120 ◦C to repair the samples. The broken ends of the samples
were placed in contact with one another, and two repair strategies
were tested; (i) unpatched and (ii) single-patched on samples that had
already been broken and repaired using method (i). Methods (i), (ii),
and the repair process are represented schematically in Fig. 5. Patches
were obtained from a spare specimen and assumed to be identical to
the original specimen in terms of fibre volume fraction and alignment.
For comparison, vitrimer specimens also were repaired using method
(i). However, during repair, the pressure was applied for only 3 min,
again at 120 ◦C to prevent resin leaking at the edges of the sample and
drastic dimensional changes.

3.3. Results and discussion

3.3.1. Mechanical properties of original and repaired vitrimer
Tensile tests were performed to obtain the mechanical properties

of the vitrimer. In total, six pure vitrimer specimens were tested: four
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Fig. 6. (a) Representative stress–strain curves, (b) high resolution images, (c) elastic modulus, (d) tensile strength, and (e) strain to failure of the original (Org.) and repaired (1st,
2nd, 3rd repairs) vitrimer specimens. Errors represent standard deviations (SD) from the mean. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
successfully broke within the gauge length, and were used to calculate
the mechanical properties of the as-manufactured specimens. Those
specimens were then repaired, once, twice, and thrice. Fig. 6 reports
representative stress–strain curves, typical high-resolution images and
the mechanical properties of as-manufactured (original) and repaired
vitrimer specimens.

As seen in Fig. 6a, the stress–strain curves of the repaired speci-
mens show similar trends and comparable values of failure strain and
strength. There is however a noticeable difference from the original
curves, where the data deviate more markedly from linearity compared
to the repaired specimens. Fig. 6c, d, and e show elastic modulus,
tensile strength, and strain to failure of the vitrimer specimens, re-
spectively. In addition, the mechanical properties are summarised in
Table 2. A statistically significant increase was observed in elastic
modulus values from the original to a first time repaired vitrimer
specimen, after which a plateau was reached for further repairs. The
reason for the modulus increase was thought to be the extraction of
air (see Fig. 6b) from trapped voids between the vitrimer film layers
during the manufacturing process, and caused by the high-pressure
applied during the first repair step in which a temperature above
T𝑔∼T𝑣 was applied. The failure regions of specimens were inspected
and found to be far from the location where there are visible voids.
No significant change was observed between the original and repaired
vitrimer specimens in terms of tensile strength. Tensile strength values
were found to be consistent with the stress at break of a crosslinked
polyimine network, which has been reported to be ∼40 MPa [46] and
10–60 MPa [39] from two independent studies. Furthermore, a slight
decrease was seen for the strain to failure from the original to repaired
vitrimer specimens.

3.3.2. Mechanical properties of original and repaired flax fibre reinforced
vitrimers

The mechanical properties of the ADFFRVs were determined, both
on original and repaired specimens. In total, six specimens were tested,
of which five (four for single side patched ADFFRV) successfully broke
6

Table 2
Mechanical properties of as-manufactured (original) and repaired vitrimers (Vitri-
maxT100). Errors represent SD from the mean.

Elastic modulus Tensile strength Strain to failure
(GPa) (MPa) (%)

Original 2.1 ± 0.1 34.1 ± 0.8 2.1 ± 0.3
1st repair 2.7 ± 0.2 34.5 ± 5.6 1.6 ± 0.4
2nd repair 2.7 ± 0.2 38.4 ± 5.2 1.7 ± 0.3
3rd repair 2.6 ± 0.2 34.5 ± 4.5 1.6 ± 0.3

within the gauge length and were used to calculate the mechani-
cal properties. Fig. 7 reports representative stress–strain curves, high-
resolution images, mechanical properties, and scanning electron micro-
graphs of original, repaired, and patched ADFFRV specimens. The ex-
pected fibre volume fraction calculated using the average areal weights
and densities of the constituents was found to be 17.9% (see Equation
S1, Supporting Information). The mechanical properties of fractured
and repaired ADFFRVs are summarised in Table 3.

As seen in Fig. 7a, there are decreasing trends in the stress–strain
curves of the ADFFRV specimens in terms of their slope, and the strain
and stress values at failure for each end-to-end repair stage. In contrast,
the patched repair specimens showed a moderate increase in properties.
Fig. 7c shows the elastic modulus of the ADFFRV specimens; agreement
was found between the expected elastic modulus calculated using the
rule of mixtures (see Equation S2, Supporting Information) and the
experimentally determined values of the as-manufactured ADFFRV,
11.5 ± 0.7 GPa and 11.5 ± 0.8 GPa, respectively. In addition, a
dramatic increase was seen in elastic modulus values of end-to-end
repair stages. After the patched repair method, a decrease in the elastic
modulus value towards the original value was observed.

Fig. 7d shows the tensile strength of the ADFFRV specimens. A good
correspondence was also found between the expected tensile strength
estimated using the simple rule of mixtures, which is 131.7 ± 4.9 MPa
(see Equation S3, Supporting Information), and the tensile strength
of the original ADFFRV, which is 121.2 ± 14.4 MPa. Moreover, it
was seen that there is a negative exponential saturation trend towards
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Fig. 7. (a) Representative stress–strain curves, (b) high resolution images, (c) elastic modulus, (d) tensile strength (red line represents tensile strength of the vitrimer), (e) strain
to failure for original (Org.) and repaired (1st, 2nd, 3rd repairs) and patched (Patc.) specimens, (f) typical scanning electron micrographs of the original and repaired ADFFRV
specimens. Errors represent SD from the mean. In (a), 0.5, 1.0, 1.5, and 2.0% strain reference points are the starting points, respectively, for the 1st, 2nd, 3rd, and patched repairs.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 3
Mechanical properties of as-manufactured (original) and repaired aligned flax fibre
reinforced vitrimers. Rule of mixtures (RoM) is calculated for 𝑣𝑓 = 17.9% and details
can be found in Supporting Information. Errors represent SD from the mean.

Elastic modulus Tensile strength Strain to failure
(GPa) (MPa) (%)

RoM 11.5 ± 0.7 131.7 ± 4.9 –
Original 11.5 ± 0.8 121.2 ± 14.4 1.2 ± 0.1
1st repair 11.9 ± 1.0 58.1 ± 5.5 0.5 ± 0.1
2nd repair 12.7 ± 1.1 46.6 ± 7.8 0.4 ± 0.1
3rd repair 15.8 ± 1.5 44.1 ± 8.4 0.3 ± 0.1
Patched 12.6 ± 1.0 80.6 ± 14.7 0.7 ± 0.2

the tensile strength of the vitrimer in end-to-end repair cycles of
ADFFRV specimens. As seen in the high resolution scans of tensile
tested ADFFRV specimens (Fig. 7b), the failure points occurred in the
same locations as the original materials for all the end-to-end repaired
samples. Additionally, the failure regions became less rough, indicating
a lower presence of fibres and a more resin dominated healing. When
the patching repair method was applied to the three times repaired
ADFFRV, the failure region became more jagged. In addition, the fibres
7

became noticeable on the failure surface, which is in a slightly different
location compared to the previous failures.

As seen in Table 3, an almost doubling of tensile strength was
seen for the patched repaired ADFFRV samples compared to the three
times repaired materials; this in turn is nearly two-thirds of the original
samples. To reveal the reason behind the change in mechanical per-
formances in repaired ADFFRV, scanning electron microscopy analysis
was carried out for the failure region of ADFFRV specimens, as shown
in Fig. 7f. It can be seen that there are aligned fibres in the failure
region of the original ADFFRV. There are however fewer aligned or
distorted fibres, and in some regions no fibres at all, in the end-to-
end repaired ADFFRVs. As observed in high resolution scans of tensile
tested ADFFRV, the presence and condition of fibres were changed
after repair and affected the mechanical performance of the composites.
After the patch repair, the number of aligned fibres increased, which
explains the increase in tensile strength, and some distorted fibres
were observed. In the images of the cross-sections of the patched
and original specimens, no significant differences were observed (see
Fig.S5–8, Supporting Information). Moreover, a significant decrease
was observed for the strain to failure values in the end-to-end repair
specimens. An increase in the strain to failure value towards the value
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of the original composites was seen in the patched specimens after three
times of repairing ADFFRV.

4. Conclusion

The interfacial properties of flax fibres with three potentially sus-
tainable advanced matrices have been reported and compared with a
commonly used commercial epoxy matrix. The bio-based (PFA) and
vitrimer (imine-linked) resins were observed to be good candidates
for producing sustainable composites with flax fibres due to high IFSS
values. A vitrimer resin was selected as a promising candidate for
sustainable discontinuous flax fibre composites, and its repair perfor-
mance was examined. End-to-end and single patch repair methods were
used as a repair strategy to investigate the repair capabilities of the
vitrimer resin in flax fibre reinforced composites. It was found that a
rapid and low-temperature end-to-end repair strategy is able to recover
half of the strength of the as-manufactured composites; however, the
single patch repair method showed better recovery (∼67%) than end-
to-end repair. In addition, the single patch repair method might show
better mechanical recovery when applied as first repair strategy. Time,
temperature, and pressure must be optimised to identify the maximum
repair performance of fibre-reinforced vitrimer composites. In conclu-
sion, aligned natural fibre reinforced vitrimers can be reused, repaired,
and recycled: this represents a step towards a circular economy and
sustainability in fibre reinforced composites applications, especially in
automotive, transport, and sporting goods industries in which weight
reduction, the use of renewable sources, and sustainability are essential.
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