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INTRODUCTION

Recently, natural fibers have gained significant 
attention as potential reinforcements for polymers, 
serving as either full or partial replacements for 
synthetic fibers. Due to their availability, renewa-
bility, and relatively low cost, natural fibers have 
emerged as promising raw materials for bio-com-
posites [1–3]. This growing interest is driven by 
the urgent need to reduce the environmental im-
pact of synthetic materials and address challenges 

associated with their disposal and recycling [3–5]. 
However, natural fibers exhibit somewhat low-
er mechanical properties and weaker interfacial 
bonding strength with polymer matrices compared 
to synthetic fibers. These limitations stem primar-
ily from their hydrophilic chemical composition 
and physical characteristics, which vary depending 
on factors such as climate, age, and retting process-
es [6, 7]. To address these challenges, research-
ers have developed various strategies, including 
chemical treatments, hybridization of synthetic and 
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natural fibers, and the incorporation of additives, to 
enhance the performance of polymer composites 
reinforced with natural fibers (NFRPs).

Fiber–matrix adhesion in fiber-reinforced 
polymer systems is critical in determining the 
overall performance of composite materials [8, 
9]. Strong interfacial bonding enhances the abil-
ity of the matrix to transfer the applied loads di-
rectly to the embedded fibers, thereby enhancing 
the tensile strength, wear resistance, and fatigue 
life. Conversely, the poor interfacial adhesion can 
lead to stress concentrations, fiber pull-out, and 
premature failure under mechanical loading [9]. 
To address these challenges, extensive research 
has been conducted to evaluate techniques for 
improving interfacial bonding strength in natural 
fiber-reinforced polymer composites (NFRPCs). 
A widely adopted approach involves chemical 
treatments to modify the inherently hydrophilic 
nature of natural fibers, which exhibit poor adhe-
sion to hydrophobic polymer matrices due to their 
hydroxyl- and carboxyl-rich composition [10, 11]. 
Consequently, surface modifications are neces-
sary to enhance interfacial bonding and improve 
composite performance [10, 12]. In addition to 
chemical treatments, various physical treatment 
methods have also been explored to strengthen 
the fiber-matrix interface in NFRPCs, as reported 
in [13, 14]. The primary challenges that reported 
included the inconsistent geometry of the fibers, 
and the variation in fiber–matrix adhesion – even 
within individual fiber samples [15]. 

Both chemical and physical treatments have 
demonstrated the essential need for modifying nat-
ural fibers to enhance the overall performance of 
NFRPCs. Today, engineered natural fibers – chem-
ically treated and modified – are readily available 
in stores and nearly ready for direct use. As a re-
sult, recent research has increasingly shifted its 
focus toward further modifications to enhance the 
bonding strength of NFRPCs. One such approach 
involves the use of additives, particularly nano-ad-
ditives. Due to their nanoscale dimensions, these 
additives have garnered significant attention in the 
scientific community, driving research toward in-
novative solutions for future applications. With a 
higher aspect ratio than micro-additives, nanopar-
ticles play a crucial role in polymeric composites 
by providing a significantly larger filler-specific 
surface area, thereby improving interfacial interac-
tions and overall composite performance [9].

From In the literature, numerous studies have 
explored the effects of various nano-additives on 

the bonding strength between fibers and polymer 
resins. However, most of the published works fo-
cus on synthetic fiber-reinforced polymers, such as 
silica nanoparticles with carbon/epoxy composites 
[9, 16], graphene nanoplatelets (GnPs) with glass/
epoxy composites [17], GnPs with carbon/epoxy 
composites [18, 19], and graphene oxide (GO) with 
carbon /epoxy composites [20, 21], among others. 
In the context of NFRPCs, Dang et al. [22] inves-
tigated the effect of GO on the interlaminar shear 
strength (ILSS) of ramie fiber/polypropylene com-
posites. The study explored the effects of different 
weight contents and particle sizes, revealing that a 
medium grain size of 5 µm GO particles enhanced 
the ILSS by 32% compared to untreated ramie 
fiber/polypropylene composites, representing the 
optimal size and weight content of GO particles. 
Nevertheless, studies exploring the effects of na-
nofillers on the bonding strength of natural fibers 
and polymer resins remain limited. There is a clear 
need to investigate the effects of a wider range 
of nanofiller materials on the interfacial bonding 
strength between natural fibers and polymer resins.

In our previous studies, we investigated the 
mechanical and tribological properties of epoxy 
composites reinforced with different weight frac-
tions (0–4.5 wt.%) of GnPs [23], as well as the 
combined effect of GnPs (0, 1.5, and 3 wt.%) and 
flax fiber (25 vol.%) as reported in [24]. The re-
sults demonstrated a positive synergistic effect of 
GnPs and flax fiber on both the mechanical and 
tribological properties of the epoxy matrix. The 
reported findings motivated the current work, 
which aims to explore the influence of GnPs on 
the ILSS between flax fibers and epoxy resin. 

Building upon our previously published re-
search [23, 24], this investigation prepared ad-
ditional fabricated composites to explore more 
thoroughly how GnPs influence composite behav-
iour. The GnPs content is extended to a range of 
0–6 wt.% while maintaining a constant flax fiber 
volume fraction of 25%. The effects of GnPs on 
the interfacial and mechanical properties of flax/
epoxy composites are evaluated, including the 
ILSS, fracture strength, toughness, stiffness, and 
hardness. Characterisation analysis is conducted 
on the epoxy/GnPs (E/GnPs) matrix composites. 
The SEM is used to study the morphology and 
fracture surfaces. A detailed comparative analysis 
is performed between the flax/epoxy/GnPs (F/E/
GnPs) composites and their corresponding E/
GnPs base matrices to gain deeper insights into 
the fiber–matrix–nanoparticle interactions.
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MATERIALS AND METHODS 

Materials 

In this study, a thermosetting polymer ma-
trix was formulated using R246TX epoxy resin 
combined with H160 hardener in a 4:1 weight 
ratio, both sourced from ATL Composites Pty. 
Ltd., Australia. Grade C graphene nanoplatelets 
(GnPs) with a specific surface area of 300 m²/g 
manufactured by Sigma-Aldrich Pty. were incor-
porated as the nanoscale filler in the composite 
system. The epoxy/GnPs matrix was reinforced 
using a unidirectional flax fabric (Lineo, Bel-
gium), characterized by 0.36 mm thickness and 
200 g/m² areal density.

Sample preparation 

The composite fabrication process was exe-
cuted in two sequential stages. Initially, epoxy/
GnPs (E/xGnPs) matrix systems were developed 
using different GnPs loadings – namely 0, 1.5, 3, 
4.5, and 6 wt.% – where “x” indicates the weight 
percentage. These specific concentrations were 
chosen to minimize the likelihood of nanoparti-
cle agglomeration within the epoxy matrix and 
to control viscosity, as higher viscosity impedes 
the effective infusion of the E/xGnPs matrix com-
posites through the fiber reinforcement. Further-
more, prior studies have shown that higher GnPs 
concentrations can increase the matrix brittleness, 
reduce mechanical strength, and promote fatigue 
wear on surfaces [5, 25]. Figure 1 illustrates a 
schematic representation of the first stage of fab-
ricating the tensile samples for the epoxy/GnPs 
matrix composites.

For the E/xGnPs matrix composites, the neat 
epoxy was prepared by mixing the resin and hard-
ener in a 4:1 weight ratio, following the supplier’s 
instructions. GnPs were added to the neat epoxy 
in specified weight fractions and mixed for two 
minutes at room temperature using an electric 
mixer to ensure uniform dispersion of GnPs na-
noparticles within the epoxy matrix. The mix-
tures were blended at a low rotational speed of 
250 rpm, minimizing both heat accumulation and 
bubble entrapment. Furthermore, the degassing 
process was performed at 50 °C for 30 minutes 
using a fixed vacuum of −70 kPa to ensure the 
removal of internal air bubbles from the mixtures. 
After degassing, the mixtures were poured into 
steel moulds to fabricate tensile test specimens 

for the E/xGnPs matrix composites, following 
the specifications of ASTM D638-99 [25]. The 
moulds were allowed to cure at ambient tem-
perature for 24 hours, followed by a post-curing 
process at 100 °C for four hours, in accordance 
with the manufacturer’s guidelines. The resulting 
tensile specimens had dimensions of 10 mm in 
thickness, 190 mm in total length, a gauge length 
of 80 mm, and a width of 10 mm.

In the second stage, flax/epoxy/GnPs (F/E/
xGnPs) composites were fabricated with a con-
stant flax fiber volume fraction of 25%, while the 
GnPs weight fraction − denoted by x − was varied 
across 0, 1.5, 3, 4.5, and 6 wt.%. Figure 2 illus-
trates a schematic representation of the second 
stage of fabricating the tensile and ILSS test sam-
ples for F/E/xGnPs composites. The fabrication 
process began with the preparation of flax fiber 
plies (220 × 300 mm). For each composite type, 
six-ply laminates were prepared and preheated at 
60 °C for 30 minutes to eliminate moisture, fol-
lowing the supplier’s recommendation. Simulta-
neously, the base matrices of E/xGnPs compos-
ites were prepared following the steps outlined in 
Stage 1 (steps 1–4), as shown in Figure 1. 

The F/E/xGnPs composites were fabricated 
using the bridge-modified vacuum bagging tech-
nique. Fiber mats impregnated with resin were 
alternately stacked in the mold. A peel-ply layer 
was used to envelop the laminate stack, effective-
ly controlling excess resin flow during the consol-
idation process. The laminate assembly was held 
under vacuum pressure of − 95 kPa for 24 hours 
at ambient temperature to cure, and subsequently 
post-cured at 100 °C for four hours. After curing, 
the composites were sectioned to prepare speci-
mens for the ILSS and tensile testing. The ILSS 
samples were fabricated according to ASTM 
D2344, with dimensions of 20 mm in length, 
10 mm in width, and a thickness of 3.0 ± 0.25 mm. 
For the tensile samples, the dimensions were 250 
mm in length, 25 mm in width, and 3 ± 0.25 mm 
in thickness, as per ASTM D3039 [26].

Characterization of GnPs and 			 
the base-matrix E/xGnPs composites

The fourier transform infrared (FTIR), and 
Raman spectroscopy techniques were utilized to 
examine the chemical structure and assess pos-
sible interactions between the GnPs and the ep-
oxy matrix in the E/xGnPs composites. The FTIR 
measurements were performed using a Nicolet 
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iS50 FT-IR spectrometer. For analysis, samples 
– including GnPs, neat epoxy, and E/xGnPs 
composites – were ground into fine powders. 
The FTIR spectra were acquired using a Nicolet 
iS50 equipped with an ATR module, collecting 
32 scans per sample within the spectral range of 
500–4000 cm⁻¹ at a resolution of 4 cm⁻¹.

The Raman spectra of both pristine GnPs 
powder and the E/xGnPs powders were recorded 
using a Renishaw inVia InSpect confocal Raman 
spectrometer. For the samples of the neat epoxy 
and E/xGnPs composites the laser power was 
5% (1 mW) and for the GnPs was 1% (0.2 mW) 
was used. Spectra were collected between 500–
3200 cm-1 with an acquisition time of 10 s. 

Tensile, hardness and ILSS testing

Tensile tests were conducted to assess the me-
chanical properties – namely the fracture strength, 
stiffness, fracture strain, and toughness – of both 
the base E/xGnPs matrix composites and the F/E/
xGnPs composites. Tensile testing was performed 
using an MTS 810 TestStar servo-hydraulic test-
ing system (10 kN load capacity) with a crosshead 
speed of 1 mm/min. For the epoxy–GnPs matrix 
systems, testing procedures followed the ASTM 
D638-99 standard [25], while the tensile tests 
for the F/E/xGnPs composites followed ASTM 
D3039 [26]. For each composite type, three ten-
sile specimens were tested, and the average results 
were recorded. Shore D hardness was measured 

Figure 1. Schematic representation of stage 1: fabrication procedures of E/xGnPs base matrix composites

Figure 2. Schematic illustration for stage 2: fabrication procedures of F/E/xGnPs composites
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using a Type D durometer in accordance with 
ASTM D2240 [27], with five readings taken per 
sample to ensure measurement reliability. 

The interlaminar shear strength between the 
flax fiber with different base-matrix E/xGnPs 
composites was evaluated using the short beam 
bending test, in accordance with ASTM D2344 
[28]. Each sample measured 36 mm in length, 
6 mm in width, and 3 mm in thickness. The test-
ing was performed at a constant speed of 1 mm/
min. To maintain a consistent span-to-thickness 
ratio, the support span was set at 12 mm. The di-
ameters of the side support and the loading nose 
were 3 mm and 6 mm, respectively. For each 
composite, five samples were tested, and the av-
erage values were obtained. The values of ILSS 
were calculated based on the following equation:

	 ILSS = 3 𝑃𝑃
4 (𝑏𝑏∗ℎ)  

 
	 (1)

where:	 ILSS is the interlaminar shear strength 
(MPa), P is the maximum load (N), b is 
the sample’s width (mm), and h is the 
sample’s thickness (mm). 

Scanning electron microscopy (SEM) analysis 

The SEM analysis of the tensile and ILSS 
specimens from the F/E/xGnPs composites was 
carried out using a JEOL JCM-6000 Benchtop 
SEM. Imaging was conducted under a constant 
accelerating voltage of 5 kV. Before observation, 
the fracture surfaces were coated with a thin gold 
layer using a JEOL Smart Coater ion sputter sys-
tem to improve the electrical conductivity and 
achieve clear, high-resolution images.

RESULTS AND DISCUSSION

Characterisation of GnPs and base-matrix 	
of E/xGnPs composites 

The FTIR spectral measurements were em-
ployed to identify the functional groups and ex-
amine the interactions between GnPs and epoxy 
in base matrix composites containing different 
GnPs weight fractions (1.5, 3, 4.5, and 6 wt.%). 
As shown in Figure 3, the FTIR spectrum of 
GnPs exhibits weak peaks near 1550 cm⁻¹ and 
1650 cm⁻¹, corresponding to C=O stretching of 
carboxylic groups and skeletal vibrations of gra-
phitic carbon atoms, respectively. Pure epoxy 

displays characteristic peaks at 1604, 1505, 
1454 cm⁻¹ (C–C stretching in aromatic rings), 
1298 cm⁻¹ (asymmetric deformation of –CH₂), 
1253, 1224 cm⁻¹ (asymmetric C–O stretching 
of aromatic and aliphatic groups), 1032 cm⁻¹ 
(symmetric aromatic C–O stretching), 826 cm⁻¹ 
(–CH out-of-plane deformation in aromatic and 
epoxide rings), and 593 cm⁻¹ (aromatic group 
frequencies), confirming successful polymeriza-
tion of the resin.

In the E/GnPs base matrix composites, the 
FTIR spectra remain generally like that of neat 
epoxy, particularly at lower GnPs contents (1.5 
and 3 wt.%). However, as the GnPs content in-
creases to 4.5 and 6 wt.%, noticeable shifts in the 
main epoxy bands (by 5–15 cm⁻¹) are observed, 
suggesting an increase in the physical interac-
tions between the GnPs and the epoxy matrix. 
These shifts, without the emergence of new 
peaks, indicate that the interactions are primar-
ily non-covalent – likely Van der Waals forces 
and π–π stacking – rather than chemical bonding. 
Thus, the FTIR results confirm the formation of 
epoxy/GnPs composites and highlight how in-
creasing GnPs content influences the interaction 
with the polymer matrix.

The Raman spectra shown in Figure 4 pro-
vide insight into the structural features of GnPs, 
neat epoxy, and E/xGnPs base-matrix compos-
ites. In Figure 4(a), the Raman spectrum of GnPs 
displays three prominent peaks: the D band at 
~1310 cm⁻¹ indicating the presence of structural 
defects, the G band at ~1580 cm⁻¹ associated with 
in-plane vibrations of sp²-bonded carbon atoms 
in the graphitic structure, and the G′ band (or 2D 
band) at ~2630 cm⁻¹ characteristic of multilayer 
graphene. These peaks confirm the graphitic na-
ture and defect structure of the GnPs.

Figure 4(b) shows the Raman spectra of neat 
epoxy and the base-matrix composites of epoxy/
GnPs. Neat epoxy exhibits characteristic peaks at 
653, 795, 1130, 1190, 1254, 1300, 1430, 1480, 
1580, 2490, and 2880 cm⁻¹, corresponding to vi-
brational modes of the cured resin. Upon addition 
of GnPs, the composites show overlapping peaks 
from both epoxy and GnPs. Notably, the D and G 
bands of GnPs become more intense with increas-
ing GnPs content, and the G and G′ bands shift 
slightly to lower wavenumbers. These changes 
indicate successful integration of GnPs into the 
epoxy matrix and suggest interfacial interactions, 
which can be used as confirmation of composite 
formation and GnPs dispersion.
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Mechanical properties of base-matrix 		
of E/xGnPs composites

The mechanical behaviour of the base ma-
trix of epoxy/GnPs composites was character-
ized using tensile and Shore D hardness tests. 
This analysis provides essential insight into the 
role of GnPs content in modifying the matrix’s 
performance and its interfacial bonding effective-
ness with flax fibers in the reinforced composite 
system. Table 1 displays the mechanical proper-
ties of the base-matrix composites. The fracture 
strength of the neat epoxy was recorded at 59.91 
± 4.15 MPa, which is in good agreement with pre-
viously published works [23, 29, 30]. The addi-
tion of graphene nanoplatelets (GnPs) was found 
to progressively decrease the epoxy’s fracture 
strength, strain at break, and overall toughness as 
their weight fraction is increased. For instance, the 
addition of 6 wt.% GnPs resulted in the highest 
reduction in fracture strength, fracture strain, and 
toughness, with decreases of 32.5%, 47.5%, and 
68%, respectively, compared to the neat epoxy. 
Similar findings have been reported for various 
nanoparticles within polymer matrices, such as 
in epoxy/graphite composites [29]. The primary 
reason for this behaviour can be attributed to the 
agglomeration and aggregation phenomena of the 
nanoparticles. The tendency of nanoparticles to 
agglomerate increases with their concentration 
within the polymer matrix. Additionally, the vis-
cosity of the polymer resin plays a significant role 
in this regard. However, in this study, to mitigate 

this issue, the mixing process was conducted at 
a temperature of 60 °C to reduce the viscosity of 
the epoxy resin, thereby minimizing the occur-
rence of such phenomena as much as possible.

On the other hand, the addition of GnPs led to 
an increase in the brittleness of the epoxy, as indi-
cated by the rise in stiffness and hardness values. 
For example, the incorporation of 6 wt.% GnPs 
increased the stiffness and hardness of the epoxy 
by 22% and 13%, respectively. This behaviour 
can primarily be attributed to the inherent nature 
of GnPs as a brittle material. The GnPs used in 
this study have a stiffness value of 1000 GPa, 
which, combined with their high specific surface 
area-to-weight ratio, contributes to the observed 
increase in the brittleness properties. 

Figure 5 displays SEM images of the ten-
sile fracture surfaces observed in the neat epoxy 
and epoxy/GnPs composites with 1.5 wt.% and 
6 wt.% GnPs loadings. The neat epoxy surface 
shows limited toughening characteristics, reflect-
ed in its relatively smooth, river-like morpholo-
gy – ndicative of slight plastic deformation prior 
to failure. This observation corresponds with the 
higher fracture strain measured for the neat epoxy 
among all base matrix composites. In contrast, 
incorporating GnPs introduced clear alterations 
in the fracture surface characteristics. When in-
creasing GnPs content, the fracture morphology 
becomes more brittle in appearance, marked by a 
diminished plastic deformation and a more frag-
mented surface structure, suggesting a reduction 
in the material’s ductility. The squamous-like 

Figure 3. Spectral profiles from the FTIR spectra of GnPs, and base-matrix of E/xGnPs composites
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pattern became more pronounced and dominant 
with higher GnPs content, reflecting a more brit-
tle fracture, which is consistent with our previous 
works [23, 29]. The decrease in fracture strain 
with increasing GnPs content, as displayed in 
Table 1, is consistent with these fracture features 
and further explains the observed changes. Also, 
the increase in the GnPs content led to an increase 
in the agglomeration of nanoparticles on GnPs in-
side the epoxy matrix as observed in Figure 5(c). 
The agglomeration and aggregation of nanopar-
ticles act as stress concentrators, leading to a 
reduction in the strength of the composite. This 
phenomenon provides a clear explanation for the 
lowest fracture strength observed in the E/6GnPs 
composite, as shown in Table 1.

ILSS properties of F/E/GnPs composites

The influence of varying GnPs weight frac-
tions in the epoxy resin on the bonding strength 
with flax fibers was assessed through ILSS meas-
urements using the short-beam bending method. 

Figure 6 presents the trend in ILSS values for 
flax fiber-reinforced composites with varying 
GnPs contents. The results clearly show that the 
lower incorporation of GnPs, i.e., 1.5 wt.% of 
GnPs into the epoxy matrix results in the most 
significant improvement in ILSS value, with an 
improvement of approximately 18% compared to 
the neat epoxy resin. This improvement is mostly 
attributed to the high surface area of GnPs. The 
large surface area enhanced the mechanical inter-
locking – between the GnPs and the surrounding 
epoxy matrix. In addition, the fabrication process 
takes care to achieve a good dispersion of GnPs, 
resulting in more contact points at the interface 
and enabling an efficient load transfer between 
the matrix and fibers. 

However, when the GnPs content exceeds 
1.5 wt.% (e.g., 3, 4.5, and 6 wt.%), a gradual de-
cline in ILSS is observed. For instance, the 6 wt.% 
of GnPs leads to a reduction in the ILSS value 
by 9% compared to neat epoxy. This reduction 
trend can be attributed to two main factors. Firstly, 
the inherent van der Waals forces between GnPs 

Figure 4. The Raman spectral analysis: (a) GnPs and (b) base-matrix of E/xGnPs composites
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sheets promote strong particle–particle attraction, 
leading to agglomeration and aggregation [31]. 
This dilemma becomes increasingly pronounced 
at higher weight fractions, as it disrupts the uni-
form distribution of nanoplatelets within the epoxy 
matrix. It is well established that such agglomer-
ation and aggregation act as stress concentration 
zones, thereby inhibiting effective load transfer at 
the fiber–matrix interface [22, 24]. Second, higher 
GnPs loading significantly increases the viscosi-
ty of the epoxy resin, reducing its ability to thor-
oughly wet and impregnate the flax fibers. Poor 
wetting results in insufficient bonding and reduced 
interfacial adhesion [32]. Thus, while low GnPs 
content enhances the mechanical and interfacial 

performance of flax/epoxy composites, excessive 
GnPs loading adversely affects the composite due 
to dispersion challenges, viscosity-related pro-
cessing difficulties, and interfacial inefficiencies. 

The poor wetting of natural fiber’s filaments 
is primarily associated with their inherent char-
acteristics, in contrast to synthetic fibers, thereby 
complicating their compatibility with the polymer 
matrix in fiber-reinforced composites. For in-
stance, Tian et al. [9] explored the influence of in-
corporating high silica nanoparticle loadings – up 
to 20 wt.% – on the interfacial bonding strength 
between carbon fibers and an epoxy matrix. The 
results demonstrated a consistent increase in ILSS 
values when rising the silica content. In the case of 

Figure 5. SEM images for fractured surfaces of the tensile samples of the base-matrix (E/xGnPs) composites:
(a) the neat epoxy, (b) E/3GnPs and (c) E/6GnPs

Table 1. Mechanical properties of base-matrix (E/xGnPs) composites
Base-matrix 
composites

Fracture strength, 
(MPa) Stiffness (GPa) Fracture strain, % Toughness

(MJ.m-3) Shore D hardness

Epoxy 59.91 ± 4.15 1.10 ± 0.06 7.05 ± 1.69 2.67 ± 0.71 77.33 ± 2.05
E/1.5GnPs 50.79 ± 3.11 1.26 ± 0.02 4.64 ± 0.28 0.96 ± 0.10 80.67 ± 2.05
E/3GnPs 46.97 ± 2.20 1.33 ± 0.02 4.44 ± 0.37 0.92 ± 0.14 83.67 ± 2.05

E/4.5GnPs 46.07 ± 2.45 1.34 ± 0.01 4.34 ± 0.29 0.93 ± 0.16 85.00 ± 2.16
E/6GnPs 40.43 ± 2.20 1.34 ± 0.005 3.70 ± 0.20 0.85 ± 0.15 87.30 ± 1.65
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synthetic fibers, a reduction in the ILSS at higher 
filler loadings is primarily attributed to the aggre-
gation of nanoparticles within the polymer matrix. 
This reduction in the ILSS values beyond a weight 
fraction of 1.5 wt.% can be explained by both the 
aggregation and agglomeration of GnPs nanopar-
ticles, as well as the poor wettability of flax fib-
ers – resulting from the increased viscosity of the 
base matrix at higher nanoparticle loadings. The 
findings align well with the mechanical and tribo-
logical properties of the developed composites re-
ported in our previous work [24], thereby offering 
additional insights into our earlier findings.

Figure 7 displays SEM images illustrating the 
level of interfacial cohesion at the flax/epoxy in-
terface for the neat epoxy matrix, as well as for 
the E/1.5GnPs and E/6GnPs matrices, represent-
ing lower and higher GnPs contents, respective-
ly. The SEM images revealed that both the neat 
epoxy resin and the E/1.5GnPs matrix exhibit a 
high level of interfacial cohesion, whereas the 
E/6GnPs matrix noticeably shows a reduced co-
hesion. This evidence highlights the negative 
impact of higher GnPs content on the viscosity 
of the epoxy matrix, which in turn, diminishes 
interfacial bonding. Ultimately, this reduction in 
cohesion weakens the bonding strength between 
the flax fibers and the epoxy matrix, thereby low-
ering the overall mechanical performance of the 
developed composites.

To mitigate this effect, additional processing 
measures could be considered – particularly at 
higher GnPs loadings – such as, increasing the 

processing temperature of the E/GnPs matrix. 
This would help to reduce the viscosity of the 
matrix mixture and improve the wetting of flax 
fiber filaments, thereby enhancing the interfacial 
adhesion and composite integrity.

Figure 8 displays SEM images of the ILSS 
samples for the F/E, F/E/1.5GnPs, and F/E/6GnPs 
composites. In Figure 8a, SEM analysis of the F/E 
composite reveals unencapsulated flax fibers, in-
dicating a weak fiber–matrix interfacial bonding. 
In contrast, at 1.5 wt.% GnPs loading (Fig. 8b), 
the flax fibers are well encapsulated by the epoxy 
matrix, suggesting an improved wetting and en-
hanced interfacial cohesion. This improvement 
corresponds to a notable increase in the ILSS, as 
shown in Fig. 6, confirming the beneficial effect of 
uniformly dispersed GnPs at low concentrations. 
However, a further increase in the GnPs content 
beyond 1.5 wt.% results in a decline in the ILSS. 
As evident in Fig. 8c, nanoparticle agglomeration 
occurs at higher loadings, leading to inhomoge-
neous resin distribution and microstructural de-
fects. These agglomerates act as stress concen-
trators and may serve as crack initiation sites 
under mechanical loading [22]. Additionally, the 
increased matrix viscosity at higher GnPs content 
can impair fiber wetting, further weakening the 
interfacial bond. As a result, the negative effects 
of nanoparticle aggregation and poor interfacial 
contact outweigh the reinforcing benefits of GnPs 
at excessive contents. These findings underscore 
the importance of optimizing nanofiller concen-
tration to maintain strong fiber–matrix adhesion 

Figure 6. Interlaminar shear strength of flax/epoxy composites as a function of the inclusion amount of GnPs



405

Advances in Science and Technology Research Journal 2025, 19(10) 396–411

Figure 7. SEM images showing the level of interfacial cohesion at the flax/epoxy interface in the cases of:
(a) F/E, (b) F/E/1.5GnPs, and (c) F/E/6GnPs composites

Figure 8. SEM images of the ILSS after testing for: (a) F/E, (b) F/E/1.5GnPs, and (c) F/E/6GnPs composites
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and achieve high mechanical performance in nat-
ural fiber-reinforced epoxy composites.

Mechanical properties 			 
of F/E/GnPs composites

Figures 9–11 illustrate the mechanical prop-
erties of flax/epoxy/GnPs (F/E/GnPs) compos-
ites. For a more comprehensive analysis, the 
mechanical performance of each composite is 
compared to that of its corresponding epoxy/
GnPs base matrix. It is important to note that, in 
many applications, the optimal weight fraction of 
nano-additives is governed by the specific perfor-
mance requirements of the intended application. 
For example, our previous studies have reported 
that while higher nanoparticle content may be fa-
vourable for enhancing the lubrication properties 
of polymers, mechanical property improvements 
are typically achieved at lower filler loadings [23, 
24, 29]. Therefore, such comparative analysis 
offers a more rational and contextually ground-
ed interpretation of the results. FTIR and Raman 
characterisation analyses of the E/GnPs base ma-
trix composites confirm a synergistic interaction 
between the GnPs and the epoxy matrix. As the 
GnPs utilized in this study are unfunctionalized, 
they lack the chemical reactivity necessary to 
modify the cross-linking density of the epoxy 
network, either by increasing or decreasing the 
proportion of the networked phase.

The hardness values of the F/E/xGnPs com-
posites are presented in Figure 8. An increasing 
trend in composite hardness is observed with ris-
ing GnPs content, which is consistent with the 
trend noted in the E/GnPs matrix composites. The 
addition of flax fibers to the E/xGnPs composites 

appears to have a relatively minor impact on the 
hardness values. The primary reason for the in-
creased hardness at higher GnPs content is the 
inherently brittle nature of GnPs, which possess a 
stiffness exceeding 1000 GPa [23]. Additionally, 
the high specific surface area of the GnPs – meas-
ured at 300 m²/g in this study – enhances stress 
transfer at the filler–matrix interface, further con-
tributing to the observed increase in hardness. 
Similar findings were reported on the epoxy/
graphite [30] and PEEK/GnPs [33]. 

The fracture strength and modulus of elasticity 
of the F/E/GnPs composites are presented in Fig-
ures 10(a) and 10(b), respectively. The F/E com-
posite exhibited the highest fracture strength, with 
a value of 139.53 ± 8.33 MPa. However, the frac-
ture strength of the F/E/GnPs composites showed 
a decreasing trend with increasing GnPs content. 
For example, the F/E/1.5GnPs composite exhibited 
a marginal reduction of approximately 3%, where-
as the F/E/6GnPs composite showed a significant 
decrease of 32% in fracture strength compared to 
the F/E composite. This behaviour is mainly attrib-
uted to the agglomeration and aggregation of GnPs 
within the epoxy matrix, which become more pro-
nounced at higher filler concentrations [22, 24]. Ad-
ditionally, the poor wetting of flax fiber filaments 
contributes to this reduction, as the increased GnPs 
content leads to a rise in the viscosity of the epoxy 
resin – thereby hindering effective fiber–matrix in-
teraction [32], as previously discussed.

However, as mentioned earlier, absolute val-
ues of mechanical strength can sometimes be mis-
leading; therefore, a more rational interpretation of 
the results can be achieved by comparing the me-
chanical performance of the F/E/GnPs composites 
relative to their corresponding matrix composites. 

Figure 9. Shore D hardness values for Flax/Epoxy/GnPs composites
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For instance, the fracture strength of the F/E, 
F/E/1.5GnPs, F/E/3GnPs, F/E/4.5GnPs, and 
F/E/6GnPs composites improved by 133%, 166%, 
138%, 111%, and 106%, respectively, compared 
to their corresponding matrix composites – name-
ly, neat epoxy, E/1.5GnPs, E/3GnPs, E/4.5GnPs, 
and E/6GnPs. These findings highlight the bene-
ficial role of natural fiber reinforcement, even at 
higher nanoparticle loadings, despite the observed 
reduction in absolute strength. Interestingly, these 
improvement percentages closely align with the 
ILSS values presented in Figure 6. The maximum 
ILSS was recorded for the F/E/1.5GnPs compos-
ite, which also exhibited the highest improvement 
in fracture strength (166%) compared to its cor-
responding matrix composite, E/1.5GnPs. It is 
important to note that the addition of GnPs offers 
benefits beyond mechanical performance, enhanc-
ing properties such as thermal conductivity [34] 
and lubrication properties [23] to meet specific 
application requirements. 

Overall, flax fiber has been shown to signif-
icantly enhance the mechanical performance of 
both neat epoxy and epoxy/GnPs-based matri-
ces. Although the mechanical properties of nat-
ural fibers are inherently variable due to factors 
such as growth conditions, the tensile strength 
of flax fiber is commonly reported to be around 
460 MPa [35]. Based on this value, the fiber 
contribution efficiency in F/E, F/E/1.5GnPs, 
F/E/3GnPs, F/E/4.5GnPs and F/E/6GnPs com-
posites relative to their respective matrix bases 
is estimated at 87%, 88%, 74%, 65% and 57%, 
respectively. The incorporation of nanofillers is 
thought to enhance the effective interfacial area 
between the fibers and the matrix, thereby im-
proving ILSS, especially at lower filler loadings. 
This may account for the notable improvement 
in mechanical strength observed with the incor-
poration of 1.5 wt.% GnPs.

The results for the modulus of elasticity, pre-
sented in Figure 10(b), indicate that the optimal 

Figure 10. Mechanical properties of F/E/GnPs composites: (a) fracture strength and (b) modulus of elasticity
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GnPs content is 1.5 wt.%, corresponding to the 
F/E/1.5GnPs composite. This composite exhibited 
a 36% improvement over the F/E composite and a 
500% increase relative to its corresponding matrix 
composite, E/1.5GnPs. This notable enhancement 
can be attributed to the uniform dispersion of GnPs 
at lower filler content, which facilitates effective 
stress transfer due to the high intrinsic stiffness of 
GnPs and improves interfacial bonding between 
the flax fibers and the matrix. In contrast, compos-
ites containing higher GnPs contents – specifically 
3 wt%, 4.5 wt%, and 6 wt.% – showed a decline in 
modulus of elasticity compared to the F/E compos-
ite. This reduction is likely due to nanoparticle ag-
glomeration, which becomes more pronounced at 
higher loadings. These agglomerates act as stress 
concentrators and hinder efficient load transfer. 
Moreover, the low interfacial cohesion observed at 
higher GnPs contents, as shown in Figure 7, pro-
vides additional support for this explanation.

The tensile strength and stiffness (modu-
lus of elasticity) of the F/E/GnPs composite 
are compared in Table 2 with those of other 
NFRPs. Notably, the composite developed in 
this study demonstrated competitive mechani-
cal performance, even with a relatively low flax 
fiber volume fraction of 25%, when compared 
to systems reinforced with other natural fibers 
such as bamboo, date palm, and kenaf. This per-
formance is primarily attributed to the favour-
able mechanical properties of the commercially 
sourced flax fibers, which were pre-treated and 
supplied with uniform areal density – compa-
rable to the consistency typically associated 
with synthetic fibers. Additionally, the modified 
mould design featuring a bridging element, as 
detailed in our previous work [24], may have 
contributed to the fabrication of laminates with 
a reduced density of manufacturing defects such 
as voids and air bubbles.

Figure 11. Mechanical properties of Flax/Epoxy/GnPs composites: (a) fracture strain and (b) toughness
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The fracture strain and stress–strain tough-
ness values of the F/E/GnPs composites are pre-
sented in Figures 11(a) and 11(b), respectively. 
All F/E/GnPs composites exhibited a significant 
reduction in fracture strain compared to their 
corresponding base matrix composites (E/GnPs), 
indicating a decrease in ductility following flax 
fiber incorporation. This reduction can be attrib-
uted to the relatively low fracture strain of flax 
fibers – typically in the range of 1.5–1.8% [38] 
– which is lower than that of the E/GnPs base 
matrix composites, measured between 3.7% and 
7%, as reported in Table 1. Consequently, the on-
set of fiber fracture occurs earlier in the loading 
process, limiting the composite’s overall ability 
to sustain deformation. Furthermore, potential 
stress concentrations and interfacial debonding, 
particularly under conditions of increased ma-
trix viscosity due to GnPs addition, may further 
restrict the strain capacity and reduce the ener-
gy absorption capability of the composite. This 
trade-off between strength and ductility should 
be carefully considered in applications where en-
ergy absorption or impact resistance is a critical 
performance requirement.

The toughness of the F/E composite is sig-
nificantly reduced compared to its correspond-
ing base matrix, neat epoxy. However, all F/E/
xGnPs composites exhibited some improve-
ment in toughness values relative to their re-
spective base matrix composites, as reported in 
Table 1. This enhancement in toughness is like-
ly due to the reinforcing effect of GnPs, which 
can contribute to crack-bridging and energy 
dissipation mechanisms within the matrix. Al-
though the addition of flax fibers alone reduces 
toughness due to their lower fracture strain and 
the potential for interfacial debonding, the in-
clusion of GnPs may help arrest crack propaga-
tion and improve stress distribution – thereby 
enhancing the overall fracture resistance of the 
hybrid composites.

CONCLUSIONS

This study examined the influence of GnPs 
on the interfacial and mechanical properties of 
flax fiber-reinforced epoxy (F/E) composites. 
The optimal GnPs content was investigated on a 
range of 0–6 wt.% while maintaining a constant 
flax fiber volume fraction of 25%. Mechanical 
testing and interfacial analysis revealed that 
the incorporation of 1.5 wt.% GnPs provided 
the most favourable results. The F/E/1.5GnPs 
composite showed significant improvements, in-
cluding a 166% increase in the fracture strength, 
a 500% increase in the modulus of elasticity 
compared to the E/1.5GnPs matrix, and an 18% 
improvement in the interlaminar shear strength 
(ILSS) compared to neat epoxy. These enhance-
ments are attributed to the uniform GnPs dis-
persion, improved fiber–matrix adhesion, and 
more effective stress transfer. However, at high-
er GnPs loadings (≥ 3 wt.%), the mechanical 
performance was degraded due to nanoparticle 
agglomeration and increased matrix viscosity, 
which impaired fiber wetting and reduced in-
terfacial cohesion. Although the addition of flax 
fibers slightly reduced the fracture strain and 
toughness, it substantially enhanced the strength 
and stiffness of the composites. SEM observa-
tions supported these findings, showing well-
bonded interfaces at 1.5 wt.% GnPs and brittle 
fracture characteristics at higher contents. Over-
all, the results underscore the importance of op-
timising GnPs content to achieve a balanced per-
formance in sustainable natural fiber-reinforced 
composite systems.
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Table 2. Fracture strength (FS) and stiffness (E) of the F/E/GnPs composite in comparison with other NFRPs 
reported in the literature

Ref. Material FS (MPa) E (GPa) Improvement (%) in TS and E, 
respectively, compared with neat epoxy

Current 
study Epoxy–25 Vf.% flax fiber 139 ± 8.33 5.55 ± 0.6 132% and 400%

[30] Epoxy–35 Vf.% date palm fiber 67 ± 4.0 1.35 ± 0.16 22% and 111%

[36] Epoxy–48 wt.% kenaf fiber 106.1 ± 2.5 10.7 ± 0.25 122% and 393%

[37] Epoxy–42 Vf.% bamboo fiber 222.7 ± 20 13.1 ± 2 181% and 424%
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