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ABSTRACT: Natural fibre-reinforced composites are increasingly being considered as sustainable alternatives to
synthetic composites for lightweight automotive applications. The aim of this study was to evaluate the influence
of flax fibre architecture and areal weight on the mechanical, morphological, and thermal performance of epoxy-
based composites. Laminates were manufactured by vacuum bagging using twill 2/2 and biaxial flax fabrics with areal
weights of 200, 250, 350, and 400 g/m*. Mechanical properties were assessed through tensile, flexural, and Charpy
impact tests, while fracture mechanisms were analysed by scanning electron microscopy (SEM). Thermal behaviour was
evaluated using thermogravimetric analysis (T'GA) and differential scanning calorimetry (DSC). The results showed
that fibre architecture and areal weight significantly affected composite performance. Twill 2/2 laminates exhibited the
highest tensile (90.86 MPa) and flexural strengths (117.6 MPa). The highest impact strength was obtained for the biaxial
fabric (LB) configuration (482 J/m). Composites reinforced with 200 g/m? fabrics showed the highest stiffness, with a
Young’s modulus of 8.31 GPa and a flexural modulus of 3.88 GPa. SEM analysis revealed good fibre-matrix adhesion
and fibre pull-out as the dominant failure mechanisms. TGA indicated a two-stage degradation process, with major
decomposition occurring between 300°C and 400°C and peak degradation temperatures between 340°C and 360°C.
DSC analysis confirmed thermal stability typical of epoxy-based composites. Overall, the results demonstrate that flax
fibre architecture and areal weight play a critical role in tailoring composite properties, highlighting their potential for
sustainable lightweight automotive components.

KEYWORDS: Flax fibre; natural fibre composites; sustainability; automotive industry; fibre architecture; thermo-
mechanical behaviour

1 Introduction

In recent years, natural fibre-reinforced composites have emerged as promising sustainable alternatives
to conventional synthetic materials, particularly in the automotive sector. As this industry accounts for
approximately 20% of global CO, emissions, there is increasing pressure to reduce its environmental
footprint through the adoption of lightweight and eco-efficient materials. In this context, the development of
bio-based composites represents a key strategy to decrease fuel consumption and associated emissions [1,2].

Among natural reinforcements, flax fibres have attracted considerable attention due to their competitive
mechanical performance and environmental advantages when compared to traditional fibres such as glass,
aramid (Kevlar), and carbon. These benefits include potential weight reductions of up to 30% and cost
savings approaching 20% [3]. Furthermore, natural fibres offer additional advantages, including low density,
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renewability, biodegradability, reduced energy consumption during production, and lower health and safety
risks [4-7]. Specifically, flax fibres exhibit a favourable strength-to-weight ratio, along with good acoustic and
thermal insulation properties, making them suitable for both structural and multifunctional applications
across automotive, aerospace, and construction sectors [8-12].

Despite these advantages, natural fibres present inherent limitations that restrict their widespread
structural application. These include moisture sensitivity, variability in fibre quality due to agricultural
and extraction processes, limited thermal stability, and lower heat resistance compared to synthetic
counterparts [13]. Addressing these challenges requires careful material design, particularly in terms of
reinforcement architecture and processing conditions.

Natural fibre reinforcements are available in a wide range of textile architectures, including woven,
braided, knitted, and non-woven mats, each imparting distinct mechanical behaviours to the resulting com-
posites [14,15]. The selection of fabric architecture plays a critical role in determining key properties such as
in-plane stiffness, interlaminar strength, and impact resistance. For example, Elayaraja and Rajamurugan [16]
demonstrated that textile structure significantly influences damage tolerance and delamination behaviour,
highlighting the importance of optimising reinforcement design for structural applications.

The mechanical performance of flax fibre-reinforced composites is strongly governed by both fibre
architecture and fibre volume fraction. Several studies have investigated these effects. For example, Charlet
et al. [17] demonstrated that the tensile properties of unidirectional flax fibre-reinforced composites are
strongly governed by fibre orientation and fibre volume fraction. When fibres are highly aligned along the
loading direction and present at sufficiently high volume fractions, these composites can achieve tensile
strengths in the range of 100-130 MPa, with corresponding elastic moduli between 10-20 GPa. These values
highlight the significant potential of flax fibres as structural reinforcements when optimal fibre alignment
is ensured. In terms of flexural performance, Benkhelladi et al. [18] reported that the flexural strength of
flax fibre-reinforced composites varies between 44.33 and 101.93 MPa, depending on fibre content and the
application of chemical surface treatments. Their results indicate that fibre/matrix interfacial adhesion plays
a critical role in bending performance, with treated fibres generally leading to improved stress transfer
and enhanced mechanical properties. Similarly, Cerbu [19] observed pronounced anisotropy in flax/epoxy
laminates, with tensile strengths reaching 70 MPa and flexural strengths up to 117 MPa, depending on
fibre orientation.

In addition to mechanical performance, thermal behaviour is a critical consideration for automotive
applications [20]. Dong et al. [21] investigated the thermal degradation of flax fibres and identified three
stages in thermogravimetric analysis: initial moisture evaporation, primary degradation of hemicellulose
and cellulose, and final char decomposition. The main degradation phase occurs between 340°C-370°C and
is associated with the breakdown of hemicellulose and the cleavage of glycosidic bonds in cellulose, which
defines the upper processing and service temperature limits of flax-based composites.

Although considerable progress has been made in the development and characterization of flax
fibre-reinforced composites, the combined influence of textile architecture and fibre areal weight on the
mechanical, morphological, and thermal performance of these materials remains insufficiently explored.
Most previous studies have focused on individual parameters or specific loading conditions, resulting in a
limited understanding of how fabric structure and reinforcement content interact to influence the overall
behaviour of flax fibre composites, particularly for automotive applications.

Therefore, the objective of this study is to systematically investigate the effect of flax fabric architecture
(twill 2/2 and biaxial) and fibre areal weight (200-400 g/m?) on the physical, mechanical, morphological, and
thermal properties of epoxy-based composites manufactured by vacuum bagging. Mechanical performance
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was evaluated through tensile, flexural, and impact testing, while thermal behaviour was assessed using ther-
mogravimetric analysis (TGA) and differential scanning calorimetry (DSC). In addition, scanning electron
microscopy (SEM) was used to examine fracture surfaces and identify the dominant failure mechanisms.

2 Materials and Methods

Four different architectures of flax fabrics were used in this study: two twill fabrics with different
grammages (L250 and L400) supplied from Emanuel Lang (Hirsingue, France), as well as a twill fabric (LT)
and a biaxial fabric (LB) supplied by Bcomp (Fribourg, Switzerland). The fundamental properties of these
fabrics, as provided by the manufacturers, are summarized in Table 1. The natural fibres remained untreated,
with no surface modifications applied. A commercially available bi-component epoxy resin system, widely
used in composite manufacturing, was selected as matrix resin. SR8100 epoxy resin was combined with
SD8824 hardener in a 100:22 weight ratio, supplied by Sicomin Epoxy Systems (Chéateauneuf-les-Martigues,
France).

Table 1: Basic parameters of the fabrics and the composites produced.

Fabric Areal Weight . - Fibre Thickness . o . o Fibre

Sample Architecture (g/m?) Fibre Density (mm)* Fibre wt.%  Resin wt.% Volume (%)
1250 250 1.30 0.40 35 65 32.51
L400 Twill 2/2 400 1.30 0.55 35 65 32.26
LT 200 1.35 0.50 30 70 28.54
LB Biaxial 350 1.47 0.75 32 68 30.63

Note: *data from the technical datasheet.

2.1 Specimen Manufacturing

All flax composites with different reinforcement architectures were fabricated using vacuum-assisted
resin infusion (VARI). The fabrics were first cut to 350 mm x 350 mm, and a mould-release wax was applied
to the glass processing table. To remove moisture that could affect resin polymerization and weaken the
composites, the flax fabrics were pre-dried at 60°C for 1 h under vacuum, as recommended by the supplier.
After drying, the fibre mass of each sample was measured, and the composite lay-up was manually assembled
(Fig. 1a).

(c)

50 mm

Biax

Figure 1: Composite specimen manufacturing process: (a) Lay-up of the fibres; (b) VARI processing; (c¢) Final
composites with dimensions for mechanical testing.

The epoxy resin SR 8100 and hardener SD 8824 were mixed at a weight ratio of 100:22 (resin: hardener),
according to the manufacturer’s recommendations. The resin system was manually stirred for approximately
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2 min until a homogeneous mixture was obtained. Resin infusion was then performed under a vacuum level
of approximately —0.9 bar, while the infusion rate and vacuum tightness were carefully controlled to ensure
complete fabric impregnation and minimise void formation. The process was continued until full wetting of
the reinforcement was achieved (Fig. 1b).

After infusion, the laminates were cured at room temperature overnight and subsequently post-cured
at 60°C for 3 h. Fig. | presents a schematic representation of the overall composite manufacturing process.

Finally, the plates were cut into specimens using water jet cutting, following the dimensions spec-
ified in the relevant ASTM standards: D3039/D3039M-14 for tensile tests (250 mm x 25 mm) [22] and
D7264/D7264M-15 for flexural tests (125 mm x 13 mm) [23]. The impact test specimens (64 mm x 13 mm)
were prepared based on the dimensions specified in ASTM D4812-11 [24]; however, the impact loading was
performed in a simply supported Charpy configuration. Consequently, ASTM D4812 was used only as a
reference for specimen dimensions, and the tests should be regarded as a modified Charpy impact method. A
uniform thickness of approximately 4 mm was used to meet the minimum requirements for the mechanical
tests. Accordingly, batch 1250 consisted of 11 layers, L400 and LT of 8 layers, and LB of 6 layers.

2.2 Measurements and Characterization
2.2.1 Morphological Analysis

For fibre characterisation, scanning electron microscopy (SEM) was conducted using an Analytical
UHR Schottky field emission microscope (SU-70, Hitachi, Tokyo, Japan), operated at an accelerating voltage
of 8 kV. Fibre diameters were measured using Image] software (version 1.54d). For each fibre architecture,
five individual measurements were performed, and the reported values correspond to the average of these
measurements. Fractographic analysis was carried out on the LT batch, selected as a representative case to
illustrate the failure behaviour of this class of materials after tensile testing. SEM analyses were carried out
using a low-vacuum microscope (TM4000Plus, Hitachi, Tokyo, Japan) operated at an accelerating voltage
of 10 kV. Prior to analysis, all samples were sputter-coated with a thin gold-palladium layer using a K950X
Turbo Evaporator (Emitech, Montigny-le-Bretonneux, France) to enhance surface conductivity and prevent
charging effects.

2.2.2 Density Characterization

Density was characterized using two distinct methods: the geometric method (Eq. (1)) and the
Archimedes method (Eq. (2)).

ey @
Mp

Papparent = My M, X Pliquid (2)

where p is the density in g/cm®, m is the mass in g, and V is the volume in cm®, Mp, is the mass of the dry
specimens, My is the mass of the wet specimens, and M; is the mass of the immersed specimens.

Apparent composite density was determined by the Archimedes principle (Eq. (2)) following ASTM
C830-00 [25], using a precision balance (0.1 mg sensitivity). Each sample was dried in an oven overnight and
its dry mass, Mp, was recorded immediately after removal. Samples were then immersed in water for 3 h (to
measure the M; parameter), and the saturated mass in air, My, , was measured afterwards.
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2.2.3 Void Content
The void content was determined using two methods, an analytical method, and an experimental
method. Analytically, the determination was conducted using the ASTM D2734-94 standard (Eq. (3)) [26].

|Dr - Dg|

% VV = x 100 (3)

T
where % V, is the percentage in volume of voids present in the composites, Dr is the theoretical density and
D is the experimental density.

To determine this parameter experimentally, the Archimedes method was employed, enabling the
acquisition of apparent porosity. The experimental procedure was the same used for obtaining apparent
density, and Eq. (4) [26] was applied to determine the percentage of apparent porosity present in the
composites.

Mw - Mp

% Ppp = — x 100 4
0 LAp MW_MIX (4)

where % P, p is the percentage of apparent porosity present in the composites.

2.2.4 Mechanical Analysis

Mechanical testing was carried out using a universal testing machine (Shimadzu AG-25TA, Kyoto,
Japan). Tensile tests were performed using a 20 kN load cell at a crosshead speed of 1 mm/min. Flexural
properties were evaluated through a three-point bending configuration with a support span of 105 mm, using
the same crosshead speed. Flexural stress and strain were calculated in accordance with the ASTM D7264
standard [23] via Egs. (5) and (6).

_3PL
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The impact tests were carried out using an Avery Charpy impact testing machine (Avery, Birmingham,
UK). For each condition (composite configuration and test), at least four specimens were tested, with all
experiments conducted at room temperature. Fig. 2 shows examples of the test set-up for the mechanical
tests performed.

2.2.5 Thermal Analysis

TGA was performed using a NETZSCH TG 209 F3 Tarsus instrument (Netzsch-Geritebau GmbH,
Wiesbaden, Germany). Samples of approximately 20-25 mg were placed in an alumina (AL, O;) crucible. The
L400 sample was selected as a representative composite configuration for thermal analysis, as all laminates
were produced using the same flax fibre reinforcement and epoxy resin matrix. Given that the only variables
investigated were fibre architecture and areal weight, no significant differences in thermal degradation
behaviour were expected among the composite formulations. The selected sample was analysed over a
temperature range of 30°C to 600°C at a constant heating rate of 10°C-min~! under a nitrogen atmosphere

with a flow rate of 20 mL-min~'.

DSC was carried out using a DSC 300 Select instrument (Netzsch, Selb, Germany). The experimental
conditions were consistent with those used in the TGA analysis, except for the maximum temperature,
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which was limited to 150°C. For this analysis, the LT sample and the epoxy resin used as the matrix material
were evaluated.

(b)

Figure 2: Example of the composite test set-up: (a) tensile; (b) flexural; (c) impact.

3 Results and Discussion
3.1 Morphological Analysis

Fig. 3 presents representative SEM micrographs of the different fabric architectures analysed in
this study.

SU-70 8.0kV 17.6mm x150 SE(M) 3 ! SU-70 8.0kV 17.6mm x250 SE(M)

Figure 3: Representative SEM images: (a) Batch L250 (x250); (b) Batch L400 (x150); (c) Batch LT (x150); (d) Batch LB
(x250).

SEM enables detailed characterisation of fibre surface topography, diameter, and inter-fibre interactions.
Based on observations from Fig. 3 and consistent with findings reported in the literature [27,28], flax fibres
exhibit a significantly more irregular and textured surface morphology compared to conventional synthetic
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fibres. This pronounced surface roughness is a key characteristic that can strongly influence composite
performance. In particular, it enhances mechanical interlocking at the fibre-matrix interface, which may
improve interfacial adhesion. However, it can also promote void formation and lead to variability in wetting
behaviour, ultimately affecting the overall compatibility and mechanical performance of the composite
system [29].

The diameter of individual fibres was quantified using Image] software. For instance, for the batch L250
the diameters of the fibre were measured as 12.22 + 5.17 um, 13.96 + 4.76 pm for L400, 15.70 + 5.28 pum for
LT and 14.50 + 7.01 pm for LB. As expected, the obtained values are relatively consistent across all fabric
types, reflecting the common flax fibre origin of the reinforcements. Furthermore, these results are in good
agreement with values reported in the literature. For instance, Aslan et al. [30] reported average flax fibre
diameters of approximately 18 um, which is within the typical range considering the inherent variability
associated with natural fibres.

3.2 Density Characterization

Table 2 presents the quantitative density measurements, demonstrating that both geometric and
apparent densities remain consistent across all studied composites.

Table 2: Geometric and apparent densities of the composites studied.

Batch of Specimens Geometric Density (g/cm®) Apparent Density (g/cm?)
L250 1.16 £ 0.03 1.22 £ 0.12
L400 1.19 £+ 0.02 1.27 £ 0.29
LT 1.21 £ 0.03 1.35 £ 0.20
LB 1.28 + 0.04 1.29 £ 0.26

As the same epoxy matrix was used for all specimens, the composite densities were expected to be
primarily governed by the density of the flax fibre reinforcement. This trend is confirmed by the results
presented in Table 1. Furthermore, the measured values are in good agreement with those reported in
the literature for flax fibre-reinforced composites. For example, Saadati et al. [31] reported a density of
1.26 g/cm? for unidirectional flax/epoxy composites with a fibre volume fraction of 40%, determined using
the Archimedes method. This relatively low density represents a significant advantage when compared to
conventional synthetic composites. For comparison, glass fibre-reinforced composites manufactured using
the same epoxy resin and processing methodology exhibited a density of approximately 2.0 g/cm® [32].
Consequently, flax fibre composites offer considerable potential for lightweight structural applications,
particularly in the automotive sector, where weight reduction directly correlates with enhanced fuel efficiency
and a minimized environmental footprint.

3.3 Void Content
Table 3 shows the void content present in the different batches of composites studied.

In general, the results of apparent porosity are lower than the analytically calculated void volume results.
The highest void volume was obtained for batch L250 (7.20%). This value can be explained by various
factors, for instance issues during the plate processing. Inadequate bonding can lead to reduced mechanical
interlocking, potentially resulting in higher porosity. Nevertheless, even the highest porosity values achieved
in this work, manage to surpass some of the porosity values reported in the literature for flax fibre-reinforced
composites. In a study conducted by de Kergariou et al. [10], porosity values around 20% were obtained for
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flax fibre reinforced composites. A possible solution to minimize and homogenize the void content present
in the batch L250 would be to apply external pressure during their processing [33]. The batches L400, LT
and LB presented satisfactory results, given that, to be applied in the automotive industry, a material must
exhibit a maximum of 5% porosity [34].

Table 3: Volume of voids (%) and apparent porosity (%) of the investigated composites.

Batch of Specimens Volume of Voids (%) Apparent Porosity (%)
L250 7.20 3.13+0.20
L400 2.46 2.01+£0.36
LT 2.26 2.07 £ 0.36
LB 4.95 2.53 £0.26

3.4 Mechanical Properties
3.4.1 Tensile Properties

The representative tensile stress-strain curves are displayed in Fig. 4, while the corresponding quanti-
tative properties, as a function of fibre architecture, are summarized in Fig. 5 and Table 4.

The tensile behaviour of the composites was strongly influenced by the fabric architecture used as
reinforcement. Analysis of the experimental results indicates that composites reinforced with twill fabrics
exhibited superior tensile performance, achieving strength values in the range of 85-90 MPa. These values
are significantly higher than those obtained for batch LB, in which the fibres are oriented at 45° relative to
the loading direction, resulting in greater deformation and reduced load-bearing capacity. This behaviour
is attributed to the bidirectional nature of the twill architecture, which enables more effective load transfer
and distribution along the principal fibre directions, resulting in higher tensile strength. In contrast, off-
axis fibre orientations, such as in the LB configuration, promote shear-dominated deformation mechanisms,
leading to lower strength but increased ductility. The tensile strength values obtained for the twill-reinforced
composites are consistent with those reported by Ismail et al. [35], who observed a tensile strength of
90.43 MPa for flax/epoxy composites with a fibre weight fraction of approximately 46%.

100
80 A
60 ]

---------

40 () s S

Stress (MPa)

20

0 0.02 0.04 0.06 0.08 0.1
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Figure 4: Representative tensile stress-strain curves as a function of reinforcement.
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Figure 5: Tensile material properties as a function of reinforcement, (a) Tensile strength; (b) Young’s modulus.

Table 4: Quantitative tensile test data as a function of fibre architecture.

Batch of Specimens Tensile Strength (MPa) Young’s Modulus (GPa) Strain (%)
L250 85.78 + 2.78 6.70 +£ 0.62 1.25 + 0.06

L400 90.86 + 8.48 6.52 + 0.08 1.31+0.13

LT 86.67 +3.30 8.31+ 0.46 1.00 + 0.09

LB 52.08 £ 1.16 1.19 + 0.58 6.91 + 3.04

Fabric architecture also had a significant effect on the stiffness of the composites. The highest Young’s
modulus was observed for the twill-reinforced composite (batch LT), reaching 8.31 GPa. This improved
stiffness may be associated with its lower fibre areal weight, which can reduce the occurrence of internal
defects such as voids and fibre waviness, both known to negatively affect stiffness. In contrast, the LB
specimens exhibited a lower elastic modulus, consistent with their higher deformation under tensile
loading, although they demonstrated comparatively greater ductility. In the LB configuration, the +45° fibre
orientation with respect to the loading direction promotes fibre rotation and in-plane shear deformation
rather than direct axial load transfer through the fibres. As a result, the specimens undergo higher strain for
a given applied stress, which reduces the initial slope of the stress—strain curve and leads to a lower apparent
Young’s modulus. The Young’s modulus values obtained in this study are in good agreement with literature
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data. Henschel [36] reported a modulus of approximately 8.5 GPa for bidirectional flax/epoxy composites
with a twill 2/2 architecture and a fibre areal weight of 200 g/m?, which closely aligns with the results observed
for batch LT.

The fracture surfaces of different batches are presented in Figs. 6 and 7. The analysis begins with
visual inspection and is followed by a detailed examination of morphological characteristics using SEM
imaging. Fig. 6 shows representative tensile failures for the L400 and LB specimens, with the L250 and
LT groups exhibiting similar failure patterns to L400. In Fig. 6a, the complete failure of both specimens is
evident. Cracking of the resin matrix occurred on both sides, with complete debonding from the core. The
core itself ruptured fully in all tested specimens. The primary difference between specimens was the fracture
angle. For batches 1L.250, L400, and LT, fabricated with twill fabrics, fractures occurred at a 90° angle relative
to the tensile displacement. In contrast, batch LB exhibited fractures at a 45° angle, which is attributed to the
orientation of the biaxial fibres in the composite.

Figure 6: Representative tensile specimen failure mode: (a) L400; (b) LB.

EPOXY MATRIX

PULL-OUT / 4 FLAX

FRACTURE

TM4000 10kV 8.7mm L-x800 BSE M 10/19/2023 16:16 ' 100um

Figure 7: SEM of the fracture surface of tensile specimen: LT batch.

The microstructure in Fig. 7 reveals several important failure mechanisms. The broken flax fibres
indicate they were mechanically damaged under tensile load, directly causing the material to fail. The image
also shows fibres being pulled out from the epoxy matrix without breaking, which usually happens when
the bond between the fibres and matrix is weak, suggesting adhesive failure at their interface. Together,
fibre breakage and interfacial debonding show the complex way load is transferred, and failure happens in
the sample.
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3.4.2 Flexural Properties

Fig. 8 presents representative flexural stress—strain curves, while Fig. 9 and Table 5 summarize the quan-
titative flexural properties for each reinforcement architecture. LB specimens exhibited greater deformation
before fracture, reflecting the higher ductility of the biaxial fabric compared with the twill fabrics. Consistent
with fibre orientation effects observed in tensile tests, LB showed the lowest flexural strength and stiffness,
while the other batches displayed similar properties. L400 was slightly superior, likely due to its higher
grammage (400 g/m?).

160

140
120 /
< 100 7

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
—— 1250 - 1400 —LT - LB

Strain (mm/mm)

Figure 8: Representative flexural stress-strain curves as a function of reinforcement.
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Table 5: Quantitative flexural test data as a function of fibre architecture.

Batch of Specimens Flexural Strength (MPa) Flexural Modulus (GPa) Strain (%)
L250 113.2 £ 3.6 3.49 £ 0.26 3.28 £ 0.09

L400 1176 £ 9.0 3.67 £ 0.49 3.19 £ 0.10

LT 105.1 + 8.0 3.88 + 0.17 3.15+0.51

LB 75.5+ 3.7 1.92 £ 0.16 12.85 + 1.73

As shown in Fig. 8 and Table 5, composites reinforced with twill flax fabrics exhibited superior flexural
performance, with strength values ranging from 105 to 118 MPa and a flexural modulus of approximately
4 GPa. The higher flexural strength observed for the L250 and L400 batches can be attributed to their higher
fibre areal weights compared to the LT specimens. Increased fibre content generally promotes more efficient
load transfer within the composite, thereby enhancing resistance to failure under bending loads.

The reinforcement architecture also had a pronounced effect on flexural stiffness. In line with the
tensile results, the LB batch exhibited significantly higher deformation (approximately 13%) compared to
the other configurations (~3%), resulting in a markedly lower flexural modulus. This behaviour is associated
with the off-axis fibre orientation, which promotes shear-dominated deformation and reduces stiffness
under bending. In contrast, the LT batch, despite its lower fibre areal weight, exhibited the highest flexural
modulus. This behaviour may be attributed to improved resin impregnation and a reduced likelihood of fibre
misalignment or waviness. These factors contribute to enhanced fibre-matrix interfacial bonding and more
effective stress transfer, ultimately leading to improved stiffness.

Fig. 10 illustrates typical flexural failure modes for each reinforcement type. In Fig. 10a, LB specimens
display a mixed failure mode, combining bottom-face tension with cross-sectional cracking, reflecting the
higher compression resistance of these composites. The LT batch shows a similar pattern, with an additional
region of fibre buckling under compression at the top of the specimen. Fig. 10c,d shows classic tensile failures
at the specimen bottoms, with the top faces remaining largely intact.

(a) S — ()

©

Figure 10: Representative flexural specimen failure mode as a function of reinforcement: (a) LB; (b) LT; (c) L400;
(d) L250.
3.4.3 Impact Properties

Fig. 11 presents the impact energy absorption of the composites for each reinforcement type. The results
show that the impact strength of the composites is strongly influenced by the choice of reinforcing fibre.



] Renew Mater. 2026;14(9):1 13

600
£ 500 I T
5 |
5 | !
[0
£ 400 \
g
> 300
) T
3 465.0 T 4823
] 404.0 :
8 200
Qo
5 276.3
3 100
<
0
L250 L400 LT LB
Type of Composite

Figure 11: Impact energy absorption of the composites.

Batches L400 and LB exhibited the highest impact energy absorption, ranging from 465 to 485 J/m. The
superior performance of LB, in contrast to its lower tensile and flexural properties, is attributed to its ductile
behaviour, which enhances energy dissipation. Batch LT showed the lowest impact absorption, likely due to
its lower fibre grammage (200 g/m?), resulting in a reduced fibre volume fraction. This leads to a reduced
fibre volume fraction, weakening stress distribution and energy dissipation while increasing brittleness.
With the matrix acting as the primary load-bearing component, its lower toughness further exacerbates the
composite’s susceptibility to impact damage.

At the end of the Charpy tests, complete fracture was observed in all specimen batches. Local
delamination was noted in some specimens of batches LT and LB. These results highlight the potential
of flax-fibre-reinforced composites for automotive applications, particularly in non-structural or semi-
structural components where impact absorption is critical. The high energy absorption of L400 and LB
suggests suitability for interior panels (e.g., rear seat panels), knee bolsters, bumpers, and other compo-
nents designed to dissipate collision energy. Nevertheless, the occurrence of total fracture indicates that
improvements in fibre-matrix adhesion and overall composite toughness are needed to enhance durability
and crashworthiness.

3.4.4 Thermal Properties

TGA was used to assess the thermal stability of the flax-fibre-reinforced composites across a range of
temperatures. As previously discussed, one of the main limitations of natural fibre-reinforced composites is
their susceptibility to thermal degradation at elevated temperatures. Since all composites were manufactured
using the same type of flax fibres, batch L400 was selected as a representative sample to assess the general
thermal behaviour of the developed materials. The corresponding results are presented in Fig. 12 and Table 6.
Key thermal parameters, including the initial decomposition temperature (Tipr), final decomposition
temperature (Trpr), and char residue, were determined from the TG curves. These parameters are commonly
used to characterise the thermal stability of composite materials [20]. As expected, thermal degradation is
associated with a significant mass loss, which is reflected by a sharp decline in the TG curve. This behaviour,
highlighted by the dashed region in Fig. 12, occurs in the temperature range of approximately 300°C-400°C
and corresponds to the main decomposition stage of the lignocellulosic constituents of the flax fibres.



14 ] Renew Mater. 2026;14(9):1

100 [ = - 1
-~
\
\ o
80 | 0.8
- — —TG L400
L — DTG L400 106
g 60 ¢ g
o X
= 4 04
P 10
o 40 E
= {02
20 0
0 1 1 1 1 1 -0.2
0 100 200 300 400 500 600

Temperature (°C)

Figure 12: Representative TG and DTG curves of the batch L400.

Table 6: Thermal analysis results.

Batch of Specimens T(100°c) (%) Tipt (°C) Trpt (°C) Residual Mass (%)
L400 2.67 309.3 373.6 26.65

The derivative thermogravimetric (DTG) curve presented in Fig. 12 reveals two main degradation
stages, which are characteristic of the thermal behaviour of natural fibre-reinforced composites [20]. The
first stage is associated with the evaporation of absorbed moisture, occurring at relatively low temperatures.
The second stage corresponds to the pyrolytic degradation of the primary lignocellulosic constituents of
flax fibres, namely cellulose, hemicellulose, and lignin. This second degradation stage occurs concurrently
with the thermal decomposition of the epoxy matrix, typically around 300°C [32]. The results obtained
in this study are consistent with those reported by Muralidhar [37], who identified the peak degradation
temperature of flax/epoxy composites in the range of 345°C-365°C.

Table 7 represents the results obtained from the DSC analysis (only the DSC results for batch LT,
exemplifying the behaviour of flax-fibre reinforced composites is presented). Two predominant thermal
events were observed: an endothermic peak and an exothermic peak. The endothermic peak, observed
from room temperature up to approximately 86°C, is attributed to moisture evaporation (dehydration)
within the composite. In contrast, the exothermic peak occurring at around 336°C is associated with the
thermal degradation of cellulose and lignin components [20]. Furthermore, the measured glass transition
temperature and heat capacity values are in good agreement with those reported in the literature for
epoxy-based composite systems [38].

Table 7: DSC results.

Samples

Batch LT Epoxy Resin

Endothermic Peak (°C) Exothermic Peak (°C) T, (°C) ACp (J/gK)
85.58 336.38 81.4 0.152
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4 Conclusions

This study demonstrated that both fibre architecture and areal weight play a significant role in
determining the physical, mechanical, and thermal performance of flax fibre-reinforced epoxy composites
manufactured by vacuum bagging. Twill 2/2 reinforced laminates exhibited superior tensile and flexural
properties, with the L400 configuration achieving the highest tensile strength (90.86 MPa) and flexural
strength (117.6 MPa), indicating that higher fibre areal weights enhance the load-bearing capacity of the
composites. Conversely, the LT laminate, reinforced with a lower areal weight fabric, exhibited the highest
Young’s modulus (8.31 GPa) and flexural modulus (3.88 GPa). This suggests that the reduced fibre areal weight
may enhance stiffness by promoting better fibre impregnation and reducing the concentration of defects
within the composite structure. The biaxial architecture promoted greater deformation capability and energy
absorption, resulting in the highest impact strength (482.3 J/m). In addition, all composites maintained low
density, with the lowest value recorded for L250 (1.16 g/cm®), highlighting their suitability for lightweight
applications. Thermal analysis revealed a characteristic two-stage degradation process, with initial moisture
loss occurring below approximately 86°C and the main degradation of the lignocellulosic constituents taking
place around 340°C. Overall, the results demonstrate that flax fibre-reinforced epoxy composites offer a
promising combination of low weight, mechanical performance, impact resistance, and thermal stability,
while their properties can be effectively tailored through the selection of fibre architecture and areal weight.
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