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Abstract

This study investigates the effect of carbon nanotube (CNT) modification of an epoxy matrix on the tensile
performance and damage behaviour of flax and jute fabric reinforced composites manufactured using the resin
infusion process. Multi-walled carbon nanotubes were incorporated into the epoxy matrix at different weight
fractions, and composite laminates were produced with identical stacking sequences and processing conditions to
enable direct comparison. Tensile properties, damage initiation behaviour and damage evolution were evaluated
through tensile testing, strain mapping and acoustic emission analyses. The results show that CNT incorporation
leads to significant improvements in the mechanical performance of both flax and jute reinforced composites. At
an optimum CNT content of 1.0 wt.%, tensile strength increased by approximately 33% for flax composites and
32% for jute composites compared to CNT-free reference laminates. Over the same CNT range, elastic modulus
values increased by 27% and 30% for flax and jute composites, respectively. Damage initiation strain values
increased by 56% for flax composites and 61% for jute composites, accompanied by a reduction of 30-35% in
acoustic emission event counts, indicating improved damage tolerance. Increasing the CNT content to 1.5 wt.%
resulted in a reduction of tensile performance relative to the optimum CNT level, suggesting the onset of CNT
agglomeration effects. Although flax reinforced composites consistently exhibited higher absolute tensile strength
and stiffness than jute reinforced systems, both fibre types showed comparable relative improvements with CNT
modification. When compared with conventional glass and carbon fibre reinforced epoxy composites, CNT-
enhanced natural fibre composites remain lower in absolute mechanical performance; however, CNT modification
significantly narrows the performance gap relative to unmodified natural fibre composites while maintaining
advantages related to low density and sustainability. Overall, the findings demonstrate that CNT-modified epoxy
matrices provide an effective strategy to enhance the tensile performance and damage resistance of natural fibre
reinforced composites, supporting their potential use in semi-structural and sustainability-driven engineering
applications.

Keywords
natural fibre composites; flax composites; jute composites; carbon nanotubes; tensile properties; damage
behaviour

1. Introduction

Natural fibre reinforced polymer composites have attracted increasing attention in recent years due
to growing demands for sustainability, low density and reduced environmental impact. Cellulosic fibres
such as flax, jute and cotton offer significant advantages, including renewability, biodegradability, low
cost and acceptable mechanical performance, making them promising alternatives for automotive
components, building panels and lightweight structural applications [1+4]. However, despite these
advantages, natural fibre composites still suffer from inherent drawbacks such as limited damage
tolerance, weak fibre-matrix interfacial bonding and brittle failure behaviour, which restrict their wider
use in load-bearing engineering applications [5+7].

To overcome these limitations, matrix modification and the incorporation of nanofillers have
emerged as effective strategies for improving the mechanical performance of natural fibre reinforced
composites. Among various nanofillers, carbon nanotubes (CNTs) have gained considerable interest due
to their exceptionally high elastic modulus, tensile strength and large specific surface area, which enable
them to act as efficient nano-scale reinforcements in polymer matrices [8, 9]. Numerous studies have
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demonstrated that the addition of small amounts of CNTs into epoxy matrices can significantly enhance
stiffness, strength and fracture toughness, while delaying microcrack initiation and improving load
transfer mechanisms [10+12].

Most of the existing studies on CNT-reinforced composites have focused on systems reinforced with
synthetic fibres such as glass and carbon fibres. In these systems, CNTs have been shown to function as
nano-anchors at the fibre-matrix interface, thereby restricting crack propagation and enhancing
damage resistance [13, 14]. Karahan and Godara [13] reported that CNTs, either grown on fibre surfaces
or dispersed within the matrix, significantly influence damage evolution, as evidenced by acoustic
emission-based damage analysis. Similarly, improvements in interlaminar shear strength (ILSS) and
overall damage tolerance due to CNT incorporation have been reported for various composite systems
[15].

In contrast, studies addressing the role of CNTs in natural fibre reinforced composites remain
relatively limited and are often restricted to the evaluation of final mechanical properties. Zahid et al.
[15] demonstrated that the incorporation of multi-walled carbon nanotubes significantly increased the
ILSS of fibre reinforced composite systems. Jabbar et al. [16] and Jabbar et al. [17] reported that
nanofillers and surface modification techniques can effectively improve the mechanical behaviour of
natural and hybrid composite structures. Nevertheless, comprehensive investigations addressing
damage initiation and damage propagation mechanisms in CNT-modified natural fibre-epoxy
composites using multiple experimental techniques are still scarce in the literature.

Furthermore, the effectiveness of CNT reinforcement strongly depends on the intrinsic properties of
the natural fibres used. Flax and jute fibres differ considerably in terms of chemical composition, lignin
content, fibrillar structure and surface morphology, all of which directly influence fibre-matrix
interfacial interactions and, consequently, the mechanical response of the composites [1, 2, 18, 19].
Koyuncu et al. [6] and Ashraf et al. [7] highlighted the role of textile architecture and reinforcement
configuration on the mechanical performance of composite materials. However, systematic comparative
studies investigating flax and jute reinforced composites modified with CNT-filled epoxy matrices under
identical manufacturing conditions remain very limited.

In this study, the effects of carbon nanotube-filled epoxy matrices on the mechanical behaviour and
damage mechanisms of flax and jute fabric reinforced composites are investigated through a
comprehensive experimental approach. Composite laminates were manufactured using the resin
infusion technique, and systems containing different CNT contents were compared with CNT-free
reference composites. Tensile behaviour was considered as the primary mechanical performance
criterion, while damage initiation and damage propagation were analysed using an integrated approach
combining strain mapping, acoustic emission and microstructural observations.

In this respect, the present work aims not only to quantify the influence of CNT incorporation on the
ultimate mechanical properties of natural fibre reinforced composites, but also to elucidate its role in
governing the onset and evolution of damage mechanisms. The findings of this study are expected to
contribute to the development of sustainable, high-performance and damage-tolerant natural fibre
composite materials for engineering applications.

2. Materials and Method
2.1. Reinforcement Materials

Flax and jute woven fabrics were used as reinforcement materials in this study. Both fabrics are
cellulosic natural fibres and are widely considered as sustainable alternatives to synthetic
reinforcements in composite applications. Flax and jute fibres differ in terms of fibre morphology, lignin
content and surface characteristics, which directly influence fibre-matrix interfacial bonding and the
mechanical behaviour of the resulting composites [1+3].

The fabrics were used as received from the supplier without any chemical surface treatment to
isolate the effect of carbon nanotube modification of the epoxy matrix. The basic structural and physical
properties of the fabrics are summarised in Table 1.

For both fabric types, the same number of fabric layers and stacking sequence were used in all
composite laminates to enable a direct comparison of the effects of fibre type and CNT content.
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Table 1. Properties of the woven fabrics used in this study

Property Flax fabric Jute fabric
Fibre type Flax Jute
Weave type Plain weave Plain weave
Areal density (g/m?) 280 320
Fibre density (g/cm?) 1.45 1.46

2.2. Matrix Material and Carbon Nanotubes

A two-component epoxy resin system was used as the matrix material. Epoxy resins are commonly
employed in natural fibre reinforced composites due to their good mechanical performance, low
shrinkage and adequate compatibility with cellulosic fibres [4, 5].

Multi-walled carbon nanotubes (MWCNTSs) were used as nano-reinforcement. Carbon nanotubes
exhibit high elastic modulus, high tensile strength and large specific surface area, enabling effective load
transfer and crack restriction when dispersed within polymer matrices [6+9].

Carbon nanotubes were incorporated into the epoxy resin at different weight fractions. CNT-free
epoxy was used as the reference system. The CNT contents and corresponding specimen groups are
presented in Table 2.

Table 2. CNT contents and specimen groups

Specimen code CNT content (wt.%)
CNT-0 0
CNT-0.5 0.5
CNT-1.0 1.0
CNT-1.5 1.5

2.3. Resin Preparation and CNT Dispersion

Carbon nanotubes were weighed using a precision balance and gradually added to the epoxy resin.
Mechanical stirring was applied to achieve preliminary dispersion of the nanotubes within the resin.
The mixing process was conducted under controlled conditions to promote uniform CNT distribution.

After dispersion of the CNTs, the curing agent was added to the resin system and mixed at low speed
to obtain a viscosity suitable for resin infusion. Special care was taken to minimise air entrapment
during mixing. The influence of CNT agglomeration at higher CNT contents is discussed in detail in the
Results and Discussion section [9, 11].

2.4. Composite Manufacturing

Composite laminates were manufactured using the resin infusion technique. This method was
selected due to its ability to produce laminates with low void content, good fibre wet-out and consistent
manufacturing quality, which is particularly important for natural fibre composites [12, 13].

For both flax and jute composites, eight fabric layers were used in all laminates. The stacking
sequence was kept symmetric for all specimen groups. Fabric preforms were placed on the mould
surface and sealed using a vacuum bagging system. The prepared epoxy/CNT resin was infused into the
fabric preform under vacuum conditions.

After completion of the infusion process, the laminates were cured at room temperature followed by
post-curing according to the resin manufacturer’s recommendations. After curing, composite plates
were demoulded and specimens were cut to the required dimensions for mechanical testing.
Manufacturing parameters of the samples are given in Table 3.

2.5. Tensile Testing
Tensile tests were performed to evaluate the mechanical behaviour of the composite laminates. The
tests were conducted at room temperature using a computer-controlled universal testing machine.
Specimens were prepared according to the relevant tensile testing standards. A constant crosshead
speed was applied during testing. Load and displacement data were continuously recorded throughout
the tests, and stress-strain curves were obtained.
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Tensile strength and elastic modulus values were calculated from the stress-strain responses. For
each specimen group, multiple tests were conducted to ensure repeatability, and average values were
reported.

Table 3. Composite manufacturing parameters

Parameter Value

Manufacturing method Resin infusion

Fabric type Flax / Jute

Number of layers 8

Stacking sequence Symmetric

CNT contents (wt.%) 0,0.5,1.0,15

Curing condition Room temperature + post-cure

2.6. Damage Analysis Techniques

Damage initiation and damage propagation during tensile loading were analysed using strain
mapping and acoustic emission (AE) techniques. These methods enabled real-time monitoring of
damage evolution throughout the loading process.

Following the mechanical tests, fractured specimens were examined using optical microscopy to
assess fibre-matrix interfacial behaviour and fracture mechanisms at the microstructural level.

3. Results and Discussions
3.1. Tensile Properties of Flax Reinforced Composites

For flax reinforced composites, the incorporation of carbon nanotubes resulted in a systematic
increase in tensile strength and elastic modulus up to 1.0 wt.% CNT. Compared to the CNT-free reference
composite, tensile strength increased by approximately 33%, while elastic modulus increased by 27%
at 1.0 wt.% CNT.

At 1.5 wt.% CNT, both tensile strength and modulus decreased compared to the 1.0 wt.% CNT
composite, indicating that excessive CNT loading does not further enhance mechanical performance.
The results are given in Table 4.

Table 4. Tensile properties of flax fabric reinforced epoxy composites
CNT content (wt.%) Tensile strength (MPa) Standard deviation (MPa) Elastic modulus (GPa)

0 78.4 3.2 5.6
0.5 92.7 2.8 6.4
1.0 104.3 3.1 7.1
1.5 98.9 4.0 6.8

3.2. Tensile Properties of Jute Reinforced Composites

Jute reinforced composites exhibited lower tensile strength and elastic modulus values than flax
reinforced composites at all CNT contents. However, CNT modification significantly improved the
tensile performance of jute composites. At 1.0 wt.% CNT, tensile strength increased by approximately
32%, while elastic modulus increased by 30% compared to the reference composite.

Similar to flax composites, a reduction in tensile properties was observed at 1.5 wt.% CNT,
confirming the presence of an optimum CNT loading level. The results are given in Table 5.

Table 5. Tensile properties of jute fabric reinforced epoxy composites
CNT content (wt.%) Tensile strength (MPa) Standard deviation (MPa) Elastic modulus (GPa)

0 62.1 2.9 4.3
0.5 73.6 3.4 5.0
1.0 81.8 3.0 5.6
1.5 77.2 3.7 5.3
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3.3. Damage Initiation Based on Strain Mapping Results

Damage initiation strain values increased with CNT incorporation for both fibre systems, reaching a
maximum at 1.0 wt.% CNT. This indicates delayed damage initiation and improved resistance to early
matrix cracking. The reduction observed at 1.5 wt.% CNT supports the mechanical test results and
suggests a decrease in damage tolerance at higher CNT contents. The results are given in Table 6.

Table 6. Damage initiation strain values obtained from strain mapping
Composite type CNT content (wt.%) Damage initiation strain (%)

Flax 0 0.82
Flax 0.5 1.05
Flax 1.0 1.28
Flax 1.5 1.12
Jute 0 0.64
Jute 0.5 0.88
Jute 1.0 1.03
Jute 1.5 0.95

3.4. Acoustic Emission Characteristics

CNT-modified composites exhibited a lower number of acoustic emission events and reduced
maximum signal amplitudes compared to CNT-free composites. This behaviour indicates a transition from
sudden, unstable damage to more progressive damage accumulation. The results are given in Table 7.

Table 7. Acoustic emission results for selected composite systems
Composite type CNT content (wt.%) Total AE event count Maximum amplitude (dB)

Flax 0 1450 78
Flax 1.0 980 71
Jute 0 1680 82
Jute 1.0 1120 75

3.5. Integrated Discussion and Comparison with Conventional Fibre Composites

The integrated evaluation of tensile properties, damage initiation behaviour and acoustic emission
results demonstrates that both fibre type and CNT content play decisive roles in determining the
mechanical performance of the investigated composites.

3.5.1. Internal Comparison of Flax and Jute Composites

When flax and jute reinforced composites are compared at identical CNT contents, flax composites
consistently exhibit higher tensile strength, elastic modulus and damage initiation strain (Tables 5-7).
This behaviour is primarily attributed to the superior intrinsic mechanical properties of flax fibres and
their more effective stress transfer capability within the epoxy matrix, as widely reported in the
literature [1+3].

Despite their lower absolute mechanical performance, jute composites display a comparable relative
improvement trend with CNT incorporation. At 1.0 wt.% CNT, tensile strength increases of
approximately 30+33% are achieved for both fibre systems. This indicates that CNT-modified epoxy
matrices are equally effective in enhancing load transfer efficiency in both flax and jute-based
composites, regardless of differences in fibre morphology and fibre-matrix interfacial strength.

3.5.2. Effect of CNT Content Across Composite Systems
For both fibre types, an optimum CNT content of 1.0 wt.% is clearly identified. At this CNT level,
maximum tensile strength, elastic modulus and damage initiation strain values are obtained,
accompanied by reduced acoustic emission activity (Tables 5-7). This confirms that CNT incorporation
improves not only the ultimate mechanical properties but also the damage tolerance of the composites.
At 1.5 wt.% CNT, a reduction or saturation in mechanical performance is observed for both flax and
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jute composites. This behaviour is consistent with previously reported studies on CNT-modified epoxy
systems, where excessive nanotube content leads to agglomeration and the formation of stress
concentration sites that limit further performance enhancement [6+9, 13].

The consistency of this trend across both fibre systems highlights that the observed optimum CNT
content is governed primarily by matrix-dominated mechanisms rather than fibre-specific effects.

3.5.3. Comparison with Glass and Carbon Fibre Reinforced Epoxy Composites

When compared with conventional glass fibre reinforced epoxy composites, the tensile strength and
stiffness of the investigated flax and jute composites remain lower. Typical tensile strength values for
glass/epoxy composites reported in the literature range from 300 to 600 MPa, with elastic modulus
values exceeding 20 GPa [14, 15]. In contrast, the natural fibre composites investigated in this study
exhibit tensile strength values below 120 MPa and modulus values below 8 GPa.

However, the objective of natural fibre composite development is not to directly replace high-
performance glass or carbon fibre systems, but rather to provide sustainable, lightweight and cost-
effective alternatives for semi-structural applications. In this context, the relative performance
enhancement achieved through CNT modification is particularly significant.

Compared to carbon fibre reinforced epoxy composites, which typically exhibit tensile strengths
above 800 MPa and elastic modulus values exceeding 60 GPa [16], the performance gap is more
pronounced. Nevertheless, CNT-enhanced natural fibre composites offer advantages in terms of lower
density, reduced environmental impact and improved damage tolerance behaviour, as evidenced by
delayed damage initiation and reduced acoustic emission activity.

3.5.4. Positioning of CNT-Enhanced Natural Fibre Composites

The results of this study position CNT-enhanced flax and jute epoxy composites between
conventional natural fibre composites and traditional glass fibre reinforced systems. While they do not
reach the absolute mechanical performance of synthetic fibre composites, CNT modification
significantly narrows the performance gap and improves damage resistance.

These findings suggest that CNT-enhanced natural fibre composites are particularly suitable for
applications where moderate mechanical performance, improved damage tolerance and sustainability
are simultaneously required, such as automotive interior components, panels and secondary load-
bearing structures.

4. Conclusions

This study investigated the effect of carbon nanotube modification of an epoxy matrix on the tensile
performance and damage behaviour of flax and jute fabric reinforced composites manufactured by resin
infusion. The results demonstrate that CNT incorporation leads to clear and quantifiable improvements
in the mechanical response of both fibre systems.

The addition of carbon nanotubes resulted in tensile strength increases of approximately 33% for
flax composites and 32% for jute composites at an optimum CNT content of 1.0 wt.% compared to CNT-
free reference laminates. Over the same CNT range, the elastic modulus increased by 27% for flax
composites and 30% for jute composites, confirming the effectiveness of CNT-modified epoxy matrices
in enhancing load transfer efficiency.

Increasing the CNT content beyond the optimum level to 1.5 wt.% did not yield further improvement
in tensile performance. Instead, tensile strength decreased by approximately 5-6% relative to the
optimum CNT content for both flax and jute composites, indicating that excessive CNT loading adversely
affects the mechanical behaviour due to agglomeration-related effects.

At identical CNT contents, flax reinforced composites consistently exhibited higher tensile strength
and stiffness than jute reinforced composites. The tensile strength of flax composites was 20-25%
higher than that of jute composites, while elastic modulus values were 22-30% higher across all CNT
levels. Damage initiation strain values were also higher for flax composites, indicating superior
resistance to early damage development.

Carbon nanotube incorporation significantly improved damage tolerance for both fibre systems.
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Damage initiation strain increased by 56% for flax composites and 61% for jute composites when CNT
content was increased from 0 to 1.0 wt.%. In parallel, acoustic emission event counts were reduced by
30-35%, reflecting a transition from abrupt failure to more progressive damage accumulation.

When positioned within the broader context of fibre reinforced epoxy composites, CNT-enhanced
flax and jute systems remain below the absolute mechanical performance of glass and carbon fibre
reinforced composites. However, compared to conventional glass/epoxy systems, the tensile strength
of CNT-enhanced natural fibre composites remains approximately 70-85% lower, while the gap
increases further when compared to carbon/epoxy composites. Despite this, CNT modification
significantly narrows the performance gap relative to unmodified natural fibre composites and provides
improved damage tolerance while maintaining the advantages of low density and sustainability.

Overall, the findings demonstrate that CNT-modified epoxy matrices provide an effective and
scalable approach for enhancing the tensile performance and damage resistance of natural fibre
reinforced composites. The quantified improvements reported in this study support the potential
application of CNT-enhanced flax and jute composites in semi-structural, lightweight and sustainability-
driven engineering applications.
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