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Abstract: This research addresses a gap in the literature by exploring the combined use of hemp
and hemp hurds in composites, presenting a novel approach to bio-composite development. We
report on the mechanical properties of epoxy resin composites reinforced with hemp fibers and
hemp hurds, selected for their sustainability, biodegradability, and environmental benefits. These
natural fibers offer a renewable alternative to synthetic fibers, aligning with the growing demand for
eco-friendly materials in various industries. The primary objective was to evaluate how different
filler contents and hemp hurd-to-hemp fiber ratios affect the composite’s performance. Composites
with 1:1 and 3:1 ratios were prepared at filler concentrations ranging from 1 wt.% to 10 wt.%. Tensile
tests revealed that the 3:1 ratio composites exhibited better stiffness and tensile strength, with a
notable UTS of 19.8 &= 0.4 MPa at 10 wt.%, which represents a 160% increase over neat epoxy.
The 1:1 ratio composites showed significant reductions in mechanical properties at higher filler
contents due to filler agglomeration. The study concludes that a 3:1 hemp hurd-to-hemp fiber ratio
optimizes mechanical properties, offering a sustainable solution for enhancing composite materials’
performance in industrial applications.

Keywords: hemp fibers; hemp hurds; composites; mechanical properties

1. Introduction

The development of composite materials has gained significant attention during recent
years, driven by the need for sustainable and high-performance alternatives to conventional
materials [1,2]. Among these, composites reinforced with natural fibers have emerged as a
promising solution, due to their advantageous mechanical properties and environmental
benefits [3-5]. Hemp fibers and hemp hurds are particularly attractive as reinforcements
for polymer matrices, owing to their excellent strength-to-weight ratios, biodegradability;,
and lower environmental impact compared to synthetic fibers [6,7]. Hemp fibers stand
out as the most cost-effective, widely available, and frequently used among hemp-derived
products for reinforcing materials in both cementitious and polymer matrices [8,9]. Known
for their high tensile strength and stiffness, hemp fibers provide significant mechanical
reinforcement, while hemp hurds, being more lignified and less dense, contribute to the
lightweight nature of the composites [10-12]. The incorporation of natural fillers into epoxy
resin matrices not only enhances the mechanical properties of the resulting composites
but also promotes sustainability by reducing reliance on non-renewable resources and
decreasing carbon footprints [13-17]. Hemp-based composites provide several benefits
over traditional synthetic materials, including lower embodied energy, improved acoustic
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insulation, and a superior lifecycle performance [18]. These advantages are increasingly val-
ued in industries such as construction, automotive, and packaging, where the shift toward
greener materials is crucial to meet growing regulatory and consumer demands [19,20]. Re-
cent research into natural fiber-reinforced composites highlights how hemp fibers compare
favorably to other natural fibers, such as flax and jute [21,22]. The mechanical properties
of hemp-reinforced composites, such as their specific modulus and toughness, position
them as a viable substitute in sectors like automotive and marine industries, where weight
reduction and environmental performance are critical [23]. Comparatively, biocompos-
ites made from other natural fibers, such as flax, also perform well, but hemp has the
added advantage of lower density and better availability [24]. Recent advancements in
nano-enhanced composites, where nano-silica or graphene is incorporated into the epoxy
matrix, have further strengthened the performance of hemp composites, making them
suitable for even more demanding structural applications [25]. Despite the many advan-
tages of hemp-based composites, challenges remain, especially regarding their behavior in
harsh environmental conditions. Moisture absorption can lead to degradation of the fiber—
matrix interface, reducing tensile and flexural properties [22,26-28]. However, innovative
treatments and coupling agents have shown promise in improving water resistance and
durability, ensuring the longevity of hemp composites in real-world applications [29,30].

However, most current studies in the literature focus on composites made with either
hemp fibers or hemp hurds individually [11,31-33]. While these studies reported enhance-
ments in specific mechanical properties, such as tensile strength and modulus, they often
overlook the potential benefits of combining both fillers [34,35]. For instance, composites
reinforced solely with hemp fibers exhibit high strength and stiffness but may suffer from
brittleness, whereas those with only hemp hurds tend to be more ductile but may lack
sufficient strength [32,36]. The limited exploration of hybrid composites that incorporate
both hemp fibers and hemp hurds has left a significant gap in understanding how the
synergistic effects of these fillers can optimize the mechanical performance of the materials.

This study aims to address these limitations by systematically evaluating the me-
chanical properties of epoxy resin composites reinforced with varying concentrations and
ratios of hemp fibers and hemp hurds. Through a comprehensive analysis of the tensile
strength, elastic modulus, elongation at break, and toughness, this research seeks to pro-
vide a deeper understanding of how these natural fillers influence the performance of the
composites. The novelty of this work lies in its detailed investigation of the synergistic
effects of hemp fibers and hemp hurds, particularly focusing on optimizing their ratio and
concentration to achieve a balanced enhancement in mechanical properties. Furthermore,
this study contributes to the growing body of knowledge on sustainable composite materi-
als, offering valuable insights for future applications in industries seeking eco-friendly and
high-performance materials.

2. Materials and Methods
2.1. Materials

Hemp fibers and hemp hurds were purchased from Assocanapa (Turin, Italy). Short
hemp fibers were those less than 10 cm long and were not suitable for other applications.
The two-component resin was purchased from CORES (Cores epoxy resin, LPL). The
monomer was bisphenol-A diglycidyl ether, while the curing agent was composed of a mix
of amines (1,3-phenylenedimethanamine and N'!,N3-dimethylpropane-1,3-diamine) and
2,4,6-Tris(dimethylaminomethyl)phenol as catalyst for the polymerization [37]. The weight
ratio of monomer to curing agent was 2:1.

2.2. Methods
2.2.1. Filler Production

The hemp fibers were reduced in size in order to be more easily processed. Both
hemp fibers and hemp hurds were thermally treated in a tubular furnace (Carbolite TZF
12/65/550) under a nitrogen atmosphere. This process involved a heating rate of 15 °C/min,
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reaching and maintaining a temperature of 400 °C for 30 min for the hemp fibers and 550 °C
for 30 min for the hemp hurds.

The treatment of hemp fibers at 400 °C and hemp hurds at 550 °C was conducted
with distinct purposes aimed at enhancing the composite’s mechanical performance and
improving the compatibility between the natural fillers and the epoxy matrix.

For the hemp fibers, the treatment at 400 °C was necessary to remove hemicelluloses,
lignin, and pectins, which are hydrophilic and contain hydroxyl (OH) and carboxylic acid
groups [11]. These groups tend to absorb water, making the fibers incompatible with
the nonpolar, hydrophobic nature of the epoxy matrix. The heat treatment improves the
adhesion between the fiber surface and the epoxy matrix, as it reduces the presence of polar
groups that otherwise weaken the fiber-matrix bond.

At 550 °C, the hurds undergo pyrolysis, which increases their stiffness and thermal
stability. The resulting carbonized material becomes less reactive, with reduced moisture
content and a higher surface area. This allows the hurds to act as rigid reinforcements within
the epoxy matrix, contributing to improved stiffness and overall mechanical properties of
the composite.

Hemp was then retrieved and utilized without undergoing any additional steps.
Hemp hurds underwent pulverization using a TURBULA® mixer T 2 F (Willy A. Bachofen,
Muttenz, Switzerland) for 1 h.

2.2.2. Composite Production

The fillers were manually mixed into the resin monomer for 10 min. After adding
the curing agent, the solution was mixed again for another 2 min. The mixture was then
poured into a 3D-printed PLA mold and left to cure at room temperature for 24 h. After the
initial curing, the specimens were thermally cured in a ventilated oven (1.5.C.O. Srl, “The
Scientific Manufacturer”, Venice, Italy) at 50 °C for 7 h. This temperature was chosen to
prevent PLA degradation, avoiding mold shrinkage and specimen deformation.

To assess the impact of filler content on mechanical properties, various filler loadings
were tested. Specifically, filler concentrations of 1 wt.%, 3wt.%, 5wt.%, and 10wt.% by
weight were used for both filler families. For tensile and flexural tests, five samples were
prepared for each concentration to ensure reproducibility and enable statistical analysis.
Specimens without fillers were also produced as reference samples for mechanical char-
acterization. Due to the different nature of the tests, multiple types of specimens were
manufactured: Dog bone-shaped specimens were produced for the tensile test according to
BS EN ISO 527-2:2012 [38], while bar specimens were used for the flexural test according to
BS EN ISO 178:2019 [39].

2.2.3. Filler Precursors and Filler Characterization

The morphology of hemp and hemp hurds was observed using a field-emission
scanning electron microscope (FE-SEM, Zeiss SupraTM40, Oberkochen, Germany). The
instrument was equipped with an energy-dispersive X-ray detector (EDX, Oxford Inca
Energy 450, Oberkochen, Germany) for compositional evaluation of the hemp hurds and
hemp fibers. The Raman spectra of both powders were collected using a Renishaw InVia
(H43662 model, Gloucestershire, UK) equipped with a laser line emitting at a wavelength
of 514 nm and a 50 x objective lens. Raman spectra were recorded in the range of 150 cm ™!
to 3500 cm~!, and the region between 800 cm~! and 2000 cm~! was analyzed using
homemade software compiled in MATLAB® (version R2020a), following a procedure
reported by Tagliaferro et al. [40].

Thermogravimetric analysis (TGA) analysis of hemp fibers and hurds was run using
Netzsch TG 209F1 Libra in N flux (20 mL/min) with a temperature ramp of 10 °C/min
from 30 to 800 °C and a 30 min final stage in air flux (20 mL/min) for the evaluation of
ash content.

For tensile and flexural testing, an MTS Criterion Model 43 universal testing machine
(MTS Systems Corporation, Eden Prairie, MN, USA) equipped with a 5kN load cell was
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used. The experiments were performed at a crosshead velocity of 2 and 5mm/min~! for
tensile and flexural tests, respectively. The international standards used as reference were
ISO 527-2 [38] and ISO 178 [39].

2.2.4. Composite Characterization

Due to the different nature of the tests, multiple types of specimens were manufactured:
Dog bone-shaped specimens were produced for the tensile test according to BS EN ISO
527-2:2012, while bar specimens were used for the flexural test according to BS EN ISO
178:2019. The fracture surface of tensile samples was observed using a field-emission
scanning electron microscope (FE-SEM, Zeiss SupraTM40, Oberkochen, Germany). These
analyses were also performed to investigate the composite microstructure, the distribution
of filler particles, and their interfacial bonding with the polymer matrix, as well as to
identify failure mechanisms and processing defects.

3. Results and Discussion
3.1. Filler Characterization

A preliminary characterization of both hemp fibers and hurds was carried out using
TGA analysis, and the main components are shown in Table 1.

Table 1. Analysis of the main components of both hemp fibers and hemp hurds.

Moisture Hemicellulose  Cellulose Lignin Ash

(wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
Hemp fibers 53 54 55.5 32.3 1.5
Hemp hurds 3.5 12.5 434 38.5 2.1

As reported by Bartoli et al. [41], both hemp fibers and hemp hurds show the char-
acteristic mass loss associated with hemicellulose (276 °C), cellulose (348 °C), and lignin
(above 457 °C) (see Supporting Information Figure S1). The hemp fibers contain a higher
cellulose content of up to 55.5 wt.%, compared with 43.4 wt.% for hemp hurds, and lignin
and hemicellulose are more abundant in the hurds. For both materials, the ash contents are
quite low, ranging from 1.5 up to 2.1 wt.%

The density of both hemp hurds and hemp fibers was measured, resulting in
0.516 g/cm® and 0.177 g/cm?3, respectively.

FESEM captures of hemp fibers and hemp hurds are shown in Figure 1.

Figure 1. FESEM images of hemp fibers (a) and hemp hurds (b) as received, and hemp fibers (c) and
hemp hurds (d) after pyrolysis.
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As shown in Figure 1a,b, the microscopic morphology of both hemp fibers and hemp
hurds is quite similar, showing fibrous structures with an average diameter of up to
18 pm. Interestingly, the surface of hemp hurds is considerably rougher compared to fibers,
showing the presence of longitudinal channels [42].

The FESEM images of hemp fibers treated at 400 °C show that the fibers retain their
original structure despite the treatment. This structural preservation is significant, as
it suggests the robustness of the hemp fibers under demanding thermal conditions. In
contrast, the hemp hurds exhibit cracks and tunnels (circled in red in Figure 1), indicating a
porous structure after treatment. This porosity in the hemp hurds is likely a result of the
decomposition of hemicellulose and lignin, which bind the cellulose fibers together. The
structural difference between the hemp fibers and hemp hurds highlights their different
responses to thermal treatment, with hemp fibers retaining their integrity, while the hemp
hurds become porous. The retention of the integrity is important, as it suggests that the
hemp fibers are robust under demanding thermal conditions. In contrast, the hemp hurds
show cracks and tunnels, indicating they develop a porous structure after treatment.

The treated fibers largely keep their primary morphology, consistent with what Kabir
et al. [13] reported. They described hemp fibers as consisting of cellulose microfibrils sur-
rounded by non-cellulosic components like hemicellulose and lignin. The cracks observed
on the fiber surfaces are in line with thermal degradation processes, where the difference in
thermal expansion and contraction creates such microstructural features.

Bartoli et al. [6] noted that during pyrolytic treatments, the temperature gradient and
the release of volatile organic matter can lead to a partial detachment of the fiber’s external
parts and the appearance of cracks on the inner sections. This explanation aligns with the
observations in the FESEM captures, where cracks appear as a result of the internal stresses
and material shrinkage during heating.

Another notable observation is the presence of channels in between the fibers of hemp
and in the hemp hurds. These channels are likely a result of the decomposition of the
hemicellulose and lignin, which initially holds the fibers together.

As Gauri et al. [14] explained, hemp fibers are multicellular, with elementary fibers
bonded by pectin and lignin. During high-temperature treatment, the degradation of these
bonding materials causes the fibers to separate, forming inter-fiber channels.

Additionally, the EDX analysis reported in the Table 2 shows an increase in carbon
(C) content in the treated fibers compared to the untreated biomass, with a decrease in
the O/C ratio. This is significant, as it indicates a higher degree of carbonization in the
treated fibers, which is consistent with the breakdown of oxygen-containing groups such
as hemicellulose and lignin. The reduction in the O/C ratio suggests a relative increase in
carbon content due to the loss of oxygen-containing compounds, resulting in the formation
of a more carbon-rich and thermally stable material. This is important for understanding
the thermal stability and potential applications of hemp fibers and hemp hurds in various
industrial processes.

Table 2. EDX of hemp fibers and hemp hurds.

Elemental Composition (wt.%)

C (0)
Hemp fibers 67 33
Hemp hurds 74 26

Figure 2 shows the Raman spectra of hemp fibers and hemp hurds. Two main peaks
are identified (Table 3): the G peak, located in the 1580-1590 cm ! range, and the D peak,
between 1330 cm~! and 1370 cm~!. The Ip/Ig ratio for hemp fibers is 2.1 and for hemp
hurds is 1.8. Their Raman spectra show well-resolved D and G regions, suggesting a disor-
ganized carbonaceous structure [43]. This can be attributed to the complex, heterogeneous
nature of the biomass precursors. During pyrolysis, the breakdown of complex organic
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molecules produces a carbonaceous material with many defects, leading to a higher D peak
intensity. This is supported by the small size of the in-plane graphitic cluster diameter
(La = 18 A), calculated according to Tuinstra and Koenig [44]. In materials with a high
degree of graphitization, L, would be significantly larger. The small L, values indicate
that the carbon atoms are arranged in small graphitic domains, interrupted by numerous
defects and amorphous regions.

Raman spectrum
—— Fitted signal Rlamanlspectrum
- - D —— Fitted signal
- - G' — — D!

G2

Intensity (arb. un.)
Intensity (arb. un.)

T T T T T 1 T T T T T T T T T T T 1
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000

; -1
Raman shift (cm™") Raman shift (cm™)

(a) (b)
Figure 2. Raman spectra of hemp fibers (a) and hemp hurds (b).

Table 3. Raman peaks, Ip /I ratio, and La of hemp and hemp hurds.

D Peak G Peak In/I L,

Raman Shift (cm—1) Raman Shift (cm 1) DG (A)

Hemp fibers 1366 1583 2.1 19
Hemp hurds 1338 1587 1.8 18

Increasing the treatment temperature from 400 °C to 550 °C promotes further conver-
sion of the organic material into a more ordered carbon structure. At lower temperatures
(like 400 °C), the material may still contain a significant amount of organic components and
be less graphitized, leading to a higher Ip /I ratio. At higher temperatures (like 550 °C),
the material moves closer to a more graphitic structure, decreasing the number of defects
and lowering the Ip /I ratio.

3.2. Composite Characterization

In this study, the mechanical properties of composites made from hemp fibers, hemp
hurds, and epoxy resin with various filler percentages and different ratios between hemp
and hemp hurds were evaluated (Tables 4-11). Tensile tests were conducted to assess the
elastic modulus, ultimate tensile strength (UTS), elongation at break, and toughness of the
various samples.
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Table 4. Tensile properties and Spearman’s coefficient of hemp hurd composites.

Tensile Test Elasti(c GI\I/,[:;i ulus (II\J;,; Elongatig/lol)at Break Toughness (MJ/m3)
Epoxy 05+0.1 10.2 £ 0.7 84426 0.73 £ 0.25
Hemp hurds 1 wt.% 04 +0.1 84 +0.1 113+ 0.1 0.79 £ 0.08
Hemp hurds 3 wt.% 0.6 +0.1 105+ 0.1 6.0+ 1.6 0.53 + 0.16
Hemp hurds 5 wt.% 02+£0.1 104 £0.5 6.5+03 0.58 + 0.05
Hemp hurds 10 wt.% 0.7 £0.1 103+ 1.0 43+0.7 0.35 £ 0.09
p 0.909 0.303 —0.865 —0.865

Table 5. Tensile properties and Spearman’s coefficient of hemp fiber composites.

Tensile Test Elastic Modulus UTS Elongation at Break Toughness
(GPa) (MPa) (%) (MJ/m3)
Epoxy 0.5+0.1 10.2 £ 0.7 84126 0.73 £ 0.25
Hemp fibers 1 wt.% 05+0.1 119 +£0.1 82405 0.82 + 0.02
Hemp fibers 3 wt.% 02+0.1 89+03 123 £ 2.0 0.83 £+ 0.13
p —0.632 —0.632 0.743 0.287

Table 6. Tensile properties and Spearman’s coefficient of 1:1 hemp hurd-to-hemp fiber ratio composites.

Tensile Test Elastic Modulus UTS Elongation at Break Toughness
(GPa) (MPa) (%) (MJ/m?3)

Epoxy 05+0.1 102 £ 0.7 84126 0.73 +£0.25

1 wt.% 1:1 1.0+ 0.1 196+£12 59+04 1.01 +0.08

3wt.% 1:1 09 +0.1 19.7 £ 04 58+ 1.1 0.95 £ 0.21

5 wt.% 1:1 11+0.1 21.0+1.2 3.7+03 0.61 & 0.09

10 wt.% 1:1 0.7£0.1 114+ 09 33+0.2 0.29 + 0.02
P —0.310 —0.291 —0.937 —0.867

Table 7. Tensile properties and Spearman’s coefficient of 3:1 hemp hurd-to-hemp fiber ratio composites.

Tensile Test Elastic Modulus UTS Elongation at Break Toughness
(GPa) (MPa) (%) (MJ/m®)

Epoxy 05+0.1 102 £ 0.7 84426 0.73 £+ 0.25

1 wt.% 3:1 09+01 17.5 £ 0.8 44+12 0.70 £ 0.21

3 wt.% 3:1 0.8 +0.1 16.3 £ 1.6 43+03 0.53 + 0.08

5wt.% 3:1 1.0£0.1 185+ 1.2 32403 0.43 + 0.06

10 wt.% 3:1 1.3+£01 19.8 £ 04 22401 0.29 £ 0.01

p 0.843 0.775 —0.836 —0.659
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Table 8. Flexural properties and Spearman’s coefficient of hemp hurd composites.

Flexural Test Elastic Modulus Maximum Flexural Strength Elongation at Break
(GPa) (MPa) (%)

Epoxy 03+0.1 10.6 £ 0.3 -

Hemp hurds 1 wt.% 01+01 56+0.1 -
Hemp hurds 3 wt.% 03+0.1 102+ 0.7 -
Hemp hurds 5 wt.% 04401 129+12 -
Hemp hurds 10 wt.% 04+01 124 £ 0.1 -
p 0.812 0.689 -

Table 9. Flexural properties and Spearman’s coefficient of hemp fiber composites.

Flexural Test Elastic Modulus Maximum Flexural Strength Elongation at Break
(GPa) (MPa) (%)
Epoxy 03+0.1 10.6 +0.3 -
Hemp fibers 1 wt.% 0.3 +0.1 123 +£0.8 -
Hemp fibers 3 wt.% 0.1+0.1 55+13 -
p —0.478 —0.773 -

Table 10. Flexural properties and Spearman’s coefficient of 1:1 hemp hurd-to-hemp fiber ratio

composites.
Flexural Test Elastic Modulus Maximum Flexural Strength Elongation at Break
(GPa) (MPa) (%)

Epoxy 03+0.1 10.6 = 0.3 -
1wt % 1:1 1.3+£0.1 344+21 6.7 £09
3wt % 1:1 14401 36.1+0.8 76+08
5wt.% 1:1 1.1+01 304£0.3 6.7 +0.1
10 wt.% 1:1 07£01 19.6 £ 0.4 71+£01

p —0.801 —0.773 -

Table 11. Flexural properties and Spearman’s coefficient of 3:1 hemp hurd-to-hemp fiber ratio

composites.
Flexural Test Elastic Modulus Maximum Flexural Strength Elongation at Break
(GPa) (MPa) (%)

Epoxy 03 +0.1 10.6 £0.3 -
1 wt.% 3:1 1.6 +0.1 432 +1.0 84 £0.7
3wt.% 3:1 1.3+0.1 343+21 81+13
5wt.% 3:1 1.2+0.2 333+5.7 74+23
10 wt.% 3:1 1.5+0.1 364+1.1 48 +0.3

p —0.801 -0.773 -

The Spearman correlation coefficient, denoted as p, was calculated to analyze the
relationships between the elastic modulus, maximum stress, elongation at break, and
fracture toughness under both tensile and flexural stress. This coefficient measures the
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strength and direction of the association between two ranked variables, evaluating how well
their relationship can be described by a monotonic function. Unlike Pearson’s correlation
coefficient, which assesses linear relationships, Spearman’s coefficient can also capture
nonlinear associations.

Most of the Spearman correlation coefficient values are above 0.6, indicating a strong
correlation among the data. In general, p values can be interpreted as follows: (i) strong
correlation: p > 0.6, suggesting a reliable relationship between variables; (ii) moderately
strong correlation: p between 0.4 and 0.6, indicating a moderate association; (iii) weak or
unclear correlation: p < 0.4, showing little to no clear relationship between the variables.

However, in the flexural tests, the elastic modulus of hemp hurds are shown to have
a value of 0.478, suggesting only a moderate correlation. In the tensile tests, the elastic
modulus and UTS for the 1:1 ratio, the toughness of the hemp fibers, and the UTS of hemp
hurds are shown to have values below 0.4, indicating a weak or unclear correlation in
these data.

Figures 3-5 shows the mechanical performance of epoxy composites filled with hemp
hurds and hemp fibers across different ratios and filler loadings. The pure epoxy serves
as a baseline, characterized by moderate stiffness (Young’s modulus of 0.5 & 0.1 GPa),
strength (UTS of 10.2 &= 0.7 MPa), high elongation at break (8.4 &= 2.6%), and relatively high
toughness (0.73 &+ 0.25 M]/ md).

—— Epoxy resin 254 :
1:1 1wit%
Hemp hurds 1wt% —1:1 3at°/:
—— Hemp hurds 3wt% — 1:1 5wt%
20 —— Hemp hurds 5wt% 20 - 1:1 10wWt%
—— Hemp hurds 10wt% 31 1wi%
© Hemp fibers 1wt% = i o
o i © 3:1 3wt%
s 15 Hemp fibers 3wt% % 15 ——3:1 5wt%
2 2 — 3:1 10wt%
2 o —— Epoxy resin
»n 104 / » 104
54 5
0 T T T T T T 1 0t T T T T T T 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Strain (%) Strain (%)
(a) (b)
40 :
—— Epoxy resin 40 1:1 1wt%
Hemp hurds 1wt% —1:1 3wt%
Hemp hurds 3wt% — 1:1 5wt%
- —— Hemp hurds 5wt% SN ——1:1 10Wt%
Hemp hurds 10wt% 30+ 311 1wt%
s Hemp fibers 1wt% = — 3:1 3wt%
s Hemp fibers 3wt% % — 3:1 5wt%
2 2] b e 20 — 3:1 10wt%
8 § —— Epoxy resin
»n 0
104 //—\ 104
04 T T T T 1 0 T T T T T T 1
0 6 8 10 12 14 0 2 4 6 8 10 12 14
Strain (%) Strain (%)
() (d)

Figure 3. Stress—stain curves obtained from tensile tests (a,b) and flexural tests (c,d).
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When hemp hurds are introduced into the epoxy matrix at varying concentrations,
a complex relationship between the filler content and mechanical properties emerges.
At lower concentrations, hemp hurds exhibit a reinforcing effect, particularly in terms
of stiffness. For instance, at 3 wt.% of hemp hurds, the Young’s modulus increases to
0.6 = 0.1 GPa, a 20% improvement over the pure epoxy. This increase suggests an effective
stress transfer between the epoxy matrix and the hurds. However, UTS does not show
a noticeable increase, peaking at 10.5 = 0.1 MPa (3 wt.%). This suggests that while the
composite becomes stiffer, its tensile strength does not experience the same level of en-
hancement, possibly due to the intrinsic brittleness of the hurds or limited filler-matrix
bonding. As the filler loading is increased to 10 wt.%, the composite’s Young’s modulus
continues to improve slightly, reaching 0.7 & 0.1 GPa, but the UTS decreases slightly to
10.3 = 1 MPa. This suggests that strength decreases with higher amounts of hurds, likely
due to agglomeration of the hurd particles at higher loadings. The decrement in tensile
strength despite the increased stiffness could be attributed to weaker interfacial adhesion
between the filler and the matrix, which results in stress concentration points that promote
premature failure. The use of higher filler loadings may not sufficiently wet the hurds,
leading to poor stress distribution and decreased composite integrity. The elongation at
break and toughness show more drastic reductions as the filler concentration increases.
The composite exhibits an elongation of 11.3 & 0.1%, which is significantly higher than that
of the pure epoxy, suggesting improved ductility at very low filler loadings using a loading
of 1 wt.% hurds. However, this behavior sharply changes with higher filler contents. For
example, at 10 wt.%, elongation drops to 4.3 & 0.7%, marking a substantial reduction in
the material’s capacity to deform plastically. This decrease in elongation is likely due to
the increased stiffness from the hurds, which introduces brittleness into the composite as
the polymer matrix’s ability to absorb strain decreases. Similarly, toughness follows this
trend, dropping from 0.79 + 0.16 MJ/m3 at 1 wt.% to 0.35 4 0.09 MJ/m? at 10 wt.%. This
suggests that while the material becomes stronger and stiffer at higher hurd loadings, its
ability to absorb energy before failure significantly decreases, highlighting the tradeoff
between stiffness and toughness that often occurs in fiber-reinforced composites.

Hemp fibers typically provide higher mechanical reinforcement than hurds due to
their higher aspect ratio and superior tensile properties. This is reflected in the mechanical
performance of the composites. At 1 wt.% of hemp fibers, the Young’s modulus reaches
0.5 £ 0.1 GPa, similar to neat epoxy, but the UTS is significantly higher, at 11.9 &+ 0.1 MPa.
The ability of hemp fibers to reinforce the matrix more effectively than hurds, even at
low filler contents, points to their better stress transfer capabilities. The increase in UTS
and the marginal improvement in elongation at break (8.2 &= 0.5%) suggest that the fibers
contribute to an overall tougher and more ductile composite at low loadings. However, at
3 wt.% hemp fibers, there is a noticeable reduction in the Young’s modulus to 0.2 & 0.1 GPa,
while the elongation at break increases to 12.3 & 2.0%. This unexpected reduction in
stiffness, paired with an increase in elongation, might suggest poor dispersion of the fibers
at this concentration or a possible fiber pullout phenomenon, where the fibers do not
fully adhere to the matrix under stress. The fact that toughness remains fairly high, at
0.83 4 0.13 MJ/m?3, suggests that although the composite becomes less stiff, it retains its
ability to absorb energy, benefiting from the ductility imparted by the fibers.

The hybrid composites, incorporating both hurds and fibers in different ratios (1:1 and
3:1), demonstrate an even more complex interaction between stiffness, strength, ductility,
and toughness. For the 1:1 ratio of hurds to fibers, the stiffness of the composite sees a
significant enhancement, with the Young’s modulus peaking at 1.1 &+ 0.1 GPa at 5 wt.%
filler loading. This is a 120% increase over neat epoxy, showcasing the synergistic effect of
combining fibers and hurds. The fibers provide tensile reinforcement, while the hurds con-
tribute to the overall stiffness. At 10 wt.%, the modulus drops to 0.7 £ 0.1 GPa, indicating
that beyond a certain filler content, the reinforcing effect is decreased. This reduction can be
attributed to the poor dispersion of fillers and possible agglomeration, which reduces the
effective load-bearing capacity of the matrix. In terms of UTS, the hybrid composites exhibit
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their highest strength at 5 wt.% filler loading, with a value of 21.0 + 1.2 MPa, a twofold
increase with respect to neat epoxy. This suggests that the combination of hurds and fibers,
when well dispersed, significantly improves the composite’s ability to resist tensile loads.
However, at higher filler loadings (10 wt.%), the UTS drops sharply to 11.4 & 0.9 MPa,
indicating a loss of strength that can be attributed to poor bonding between the matrix and
filler, and the inability of the resin to fully wet the fillers. Elongation at break and toughness
follow a downward trend as the filler content increases. At 1 wt.%, the composite exhibits
a relatively high elongation of 5.9 4- 0.4% and toughness of 1.01 & 0.08 MJ/m?, suggesting
good ductility and energy absorption. However, as the filler content increases to 10 wt.%,
elongation drops to 3.3 & 0.2% and toughness to 0.29 4= 0.02 MJ/m?. This reduction reflects
the increased brittleness of the material, as the higher filler content leads to embrittlement,
reducing the composite’s ability to deform plastically and absorb energy.

For the 3:1 hurd-to-fiber ratio, the trends are somewhat similar, but with subtle differ-
ences. The Young’'s modulus peaks at 1.3 &= 0.1 GPa at 10 wt.% filler content, suggesting
that a higher hurd content leads to a stiffer composite. The UTS also remains relatively
high, peaking at 19.8 £ 0.4 MPa, indicating that the higher hurd content contributes to
strength. However, the elongation at break is significantly lower, at 2.2 £ 0.1%, reflecting
the increased brittleness of the material at a higher hurd content. Similarly, toughness
decreases to 0.29 + 0.01 MJ/m?, suggesting that while the composite becomes stronger and
stiffer, its ability to absorb energy before failure is severely compromised.

The flexural test results shown in Figure 5 illustrate the influence of different hemp
filler concentrations on the mechanical properties of epoxy composites. Pure epoxy exhibits
an elastic modulus of 0.3 & 0.1 GPa and a maximum flexural strength of 10.6 &= 0.3 MPa,
showcasing its relatively moderate stiffness and strength and suggesting a brittle nature.

Incorporating hemp hurds into the epoxy matrix shows variable effects on flexural
properties. At a 1 wt.% concentration of hemp hurds, the elastic modulus significantly
drops to 0.1 & 0.1 GPa, and the maximum flexural strength also decreases to 5.6 + 0.1 MPa,
suggesting that this low filler concentration fails to effectively reinforce the epoxy. However,
as the concentration of hemp hurds increases to 5 wt.%, both the elastic modulus and the
maximum flexural strength improve to 0.4 & 0.1 GPa and 12.9 £ 1.2 MPa, respectively.
This increase highlights the positive impact of adding more filler, enhancing the material’s
load-bearing capacity due to the magnification of interaction between the matrix and
the filler over fillerfiller ones using a loading of 10 wt.%, where the elastic modulus
remains at 0.4 & 0.1 GPa. Interestingly, the maximum flexural strength slightly decreases
to 12.4 & 0.1 MPa, indicating a potential plateau in mechanical performance. This could
be attributed to insufficient bonding or agglomeration of the hemp hurds, which might
disrupt effective stress distribution within the composite.

For hemp fibers, the results reveal a different reinforcement pattern. The elastic mod-
ulus is 0.3 £ 0.1 GPa and the maximum flexural strength is 12.3 &= 0.8 MPa at 1 wt.%,
reflecting a relatively good improvement compared to pure epoxy. However, when the con-
centration rises to 3 wt.%, both properties drop to an elastic modulus of 0.1 &= 0.1 GPa and
a maximum flexural strength of 5.5 + 1.3 MPa, suggesting that higher fiber content leads to
poorer interaction with the matrix, possibly due to inadequate wetting or dispersion.

Hybrid composites, particularly those with a 1:1 ratio of hemp hurds to fibers, demon-
strate significantly enhanced mechanical properties. Using a filler loading of 1 wt.%, the
elastic modulus reaches 1.3 £ 0.1 GPa, while the maximum flexural strength improves
dramatically to 34.4 & 2.1 MPa. This significant increase underscores the effectiveness
of combining hurds and fibers to achieve better mechanical performance, likely due to
improved load transfer mechanisms within the matrix. Further increasing the concentration
to 3 wt.% yields an elastic modulus of 1.4 £ 0.1 GPa and a UTS of 36.1 £ 0.8 MPa, reflecting
sustained reinforcement from the hybrid approach.

The elastic modulus decreases to 0.7 = 0.1 GPa and maximum flexural strength
drops to 19.6 + 0.4 MPa, indicating a decline in mechanical performance due to potential
overloading, which can compromise the integrity of the composite through agglomeration
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and insufficient bonding between the matrix and the fillers due to the ratio between the
hemp hurds and hemp fibers for loading of up to 10 wt.% [45].

For the hybrid system with a 3:1 ratio of hurds to fibers, the results show improved
strength, particularly at 1 wt.%, where the elastic modulus peaks at 1.6 £ 0.1 GPa and
maximum flexural strength at 43.2 &= 1.0 MPa, showcasing the exceptional reinforcement
capabilities of this combination.

The fracture mechanism observed in the composites is primarily brittle, with some
regions of ductile failure (Figure 6a,b). Comparatively, the ductility is greater at low
filler concentration, as revealed by the more extended plastic deformation region on the
fracture surface (Figure 6a). This means that a greater amount of energy is absorbed
before failure, resulting in higher elongation-at-break values with respect to composites
with high filler content, which typically exhibit a much flatter fracture surface (Figure 6b).
At higher magnifications, detailed observations of the filler particles can be made, as
shown in Figure 6¢,d, showing two different scenarios. In the first scenario, the filler
particle undergoes partial decohesion at the interface with the matrix (yellow arrows in
Figure 6¢), indicating poor adhesion between the filler particle and the matrix. This weak
interfacial bond prevents the effective transfer of load to the reinforcing phase, limiting the
contribution of the filler to the overall increase in Young’s modulus [46]. These weak points
can act as crack initiation sites at the interface between the epoxy matrix and the filler, with
cracks propagating through the matrix, causing plastic deformation of the polymer. In the
second scenario, the adhesion between the filler and the matrix is strong. However, cracks
initiate within the filler itself, particularly from the tunnels and cracks previously observed
in the hemp hurds and highlighted by the red arrow in Figure 6d.

Figure 6. FE-SEM images of the fracture surfaces of the composites. Fracture mechanism is primarily
brittle, with some regions of ductile failure (a,b); decohesion between filler and matrix (c) and
initiation of cracks within the filler itself (d).
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As the crack propagates, it causes detachment between the filler and the matrix, further
contributing to the failure of the composite.

4. Conclusions

This study has systematically evaluated the mechanical properties of epoxy resin com-
posites reinforced with different concentrations and ratios of hemp fibers and hemp hurds.

The FESEM images show that hemp fibers maintain their original structure even after
high-temperature treatment, whereas hemp hurds become porous due to the decomposi-
tion of hemicellulose and lignin. This structural integrity of hemp fibers under thermal
conditions suggests their robustness, making them suitable for reinforcing composites. In
contrast, the porosity observed in hemp hurds could potentially enhance certain properties,
such as toughness, by allowing for better energy absorption.

In conclusion, the tensile and flexural properties of epoxy composites reinforced
with hemp hurds and hemp fibers demonstrate notable improvements, particularly at
lower filler concentrations. The best tensile performance is observed with 1 wt.% hemp
fibers, achieving an ultimate tensile strength (UTS) of 11.9 £ 0.1 MPa and toughness of
0.82 4+ 0.02 MJ/m>. This enhancement is likely due to the effective dispersion of fibers
in the epoxy matrix, which promotes better stress transfer between the matrix and the
fibers. Hemp fibers have a high aspect ratio and good adhesion to the epoxy, which enables
them to carry a greater load when the composite is stressed, leading to higher strength and
toughness compared to neat epoxy. Hemp hurds generally improve stiffness but lead to
brittleness and reduced toughness at higher loadings. Hemp fibers, on the other hand, offer
better tensile reinforcement and maintain ductility at lower concentrations. The hybrid
composites demonstrate the most significant improvements in stiffness and strength at
moderate filler loadings, but beyond this point, they become increasingly brittle.

In the flexural tests, the highest flexural strength of 36.1 & 0.8 MPa is achieved with
a 1:1 mixture of hemp hurds and fibers at 3 wt.%. This combination likely provides
a balance between the rigidity of the hurds and the flexibility of the fibers, improving
the composite’s ability to resist bending forces. At this optimal ratio, the fibers prevent
crack propagation while the hurds contribute to stiffness, leading to an improved flexural
modulus of 1.4 + 0.1 GPa. The lower filler concentrations prevent the agglomeration
of particles, ensuring better distribution within the epoxy matrix and maximizing the
interfacial bonding, which is essential for achieving high mechanical performance.

These findings underscore the importance of optimizing the filler content and ratio
to achieve the desired mechanical properties in epoxy resin composites reinforced with
natural fibers.

The present paper illustrates the successful fabrication of composites made with epoxy
resin and hemp fibers and hemp hurds, which can be used for semi-structural applications.
The automobile industry, followed by the construction and consumer product industries,
are the most important sectors that can use hemp-based composites.
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