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ABSTRACT
This work presents a comparative investigation of unsaturated polyester composites
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Stipa tenacissima; Agave

reinforced with two local Algerian lignocellulosic fibers: Stipa Tenacissima and Agave
americana. These fibers were harvested, water-retted, and subsequently characterized
using Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Diffraction (XRD). Single-
fiber tensile testing, supported by Weibull statistical analysis, showed that Stipa
Tenacissima fibers exhibit a higher Young’s modulus (~15.5 GPa) and lower elongation
at break, whereas Agave fibers display lower stiffness (~6.7 GPa) but significantly greater
ductility. Two unidirectional composites, unsaturated polyester/ Stipa Tenacissima and
unsaturated polyester/ Agave Americana, containing each approximately 25 wt% fiber
were fabricated using the vacuum-bagging process and cured at 70 °C for 2 h.

americana; natural fiber
composites; polyester resin;
tensile and flexural
properties; Weibull statistics
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Mechanical testing revealed substantial improvements compared to neat polyester.
Stipa Tenacissima fiber composites achieved an increase of about 120% in tensile
modulus and nearly 110% in flexural modulus. In contrast, Agave Americana fiber
composites exhibited lower stiffness but superior strain-to-failure and toughness, with
an enhancement of ~95% in flexural strength. Overall, the results confirm that both Stipa
Tenacissima and Agave Americana are effective reinforcements for polymeric matrices:
Stipa Tenacissima fibers primarily improve stiffness and strength, while Agave fibers
enhance ductility and energy-absorption capability.
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Introduction

Today, research on new high-performance composites (HPCs) focuses on advanced materials
(B. X. Chai et al. 2023; Chai et al., 2024a; Chai, Eisenbart, Nikzad, Fox, Blythe, et al. 2023;
Wang et al. 2024), which are lightweight and ultra-resistant. These materials are produced by
combining two different synthetic reinforcements (such as carbon, aramid, or glass fibers) with
a matrix (epoxy or ceramic) in order to achieve superior properties, including an excellent
strength-to-weight ratio, high durability, and good fatigue resistance (Blythe et al. 2024; B. Chai
et al. 2024; B. X. Chai et al. 2024; Shevtsov et al. 2024).

In response to the growing global environmental concerns associated with the use of conventional
plastic materials, interest in sustainable and renewable materials continues to rise. Natural plant fibers
have emerged as promising alternatives for reinforcing polymer composites, combining light weight,
biodegradability, and local availability while reducing the environmental footprint of conventional
composite materials (Abdollahiparsa et al. 2023; B. X. Chai et al. 2023; Elfaleh et al. 2023; Kir et al.
2024; Nouri et al. 2025; Saha et al. 2025). Recent studies on wood fiber reinforced geopolymer
composites demonstrate natural fibers’ versatility across matrices, achieving enhanced mechanical
properties (compressive ¢ flexural with 5-35wt% fibers) despite different chemistry from polyester
(Furtos et al. 2021, 2022). Our polyester/Alfa-Agave system complements this¢ highlighting local
Algerian fibers’ potential

Among natural fibers, those derived from endemic plants of the Mediterranean basin - particularly Stipa
tenacissima (named Alfa) and American Agave (named Agave) - stand out due to their remarkable
mechanical properties and wide availability in Algeria and the Maghreb region (Abdollahiparsa et al.
2023; Elfaleh et al. 2023; Gheribi et al. 2024; Nouri et al. 2025; Saha et al. 2025).

Alfa fiber, known for centuries in North African regions, is a long cellulosic fiber traditionally used for
producing coarse fabrics and insulating materials. Its high cellulose content, combined with good mechan-
ical stiffness, makes it an ideal candidate for composite reinforcement, with an industrial potential that
remains underexploited. On the other hand, Agave fiber offers an interesting combination of stiffness and
elongation at break, providing a more ductile mechanical behavior to composites reinforced with this fiber
(Idres et al. 2022; Msahli et al. 2015).

One of the major challenges associated with integrating natural fibers into polymer matrices is the poor
chemical compatibility between the hydrophilic nature of plant fibers and the hydrophobic character of
polymer matrices. This incompatibility can lead to weak interfacial adhesion and premature degradation of
mechanical properties, particularly in the presence of moisture (Lee, Khalina, and Lee 2021; Sathish et al.
2021). This study stands out by using environmentally friendly fiber extraction methods - specifically water
retting — without resorting to chemical treatments, in order to preserve the natural structure of the fibers
while minimizing environmental impact (Gheribi et al. 2024; Sanjay et al. 2019; Tahir et al. 2011).

The selected manufacturing technique, vacuum bagging, allows the production of unidirectional com-
posites with good impregnation of the fibers by the unsaturated polyester matrix, thereby promoting
improved overall mechanical performance (Rayyaan et al. 2021). The evaluation of mechanical properties
is based on tensile and three-point bending tests, conducted in accordance with ASTM standards, as well as
statistical analysis of the data using Weibull distribution, which makes it possible to assess the reliability and
homogeneity of the properties of the fibers and composites (Benarab et al. 2025; Torres et al. 2017).

Although several studies have separately explored the use of Alfa or Agave fibers in polymeric compo-
sites, none, to our knowledge, has proposed a direct comparison within a unified experimental protocol.

For instance, Alfa has already been studied for its structural and mechanical properties after chemical
treatments, notably through FTIR and XRD analyses, as well as in hybrid composites (Atoui et al. 2024;
Bouchareb et al. 2025). Furthermore, several recent reviews on natural-fiber composites highlight advances
in surface treatments, manufacturing techniques, and applications; however, these studies remain general
and do not address an integrated comparison of two local fibers under identical conditions (Islam et al.
2024; Meddah, Rokbi, and Zaoui 2023). In the same context, recent works have reported the extraction and
characterization of lignocellulosic fibers from local plants such as Malva sylvestris L. and Centaurea
hyalolepis, opening new perspectives for their use as composite reinforcements (Makri et al. 2023;
Meddah, Rokbi, and Zaoui 2023).
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The absence of a comparative study combining structural characterization (FTIR, XRD), tensile testing
with Weibull analysis, and the fabrication of polymeric composites using vacuum bagging represents
a major scientific gap.

Our work aims to fill this gap by proposing, for the first time, a comprehensive methodological
evaluation, from isolated fibers to the mechanical performance of composites, applied under strictly
identical conditions for Alfa and Agave fibers. This research provides an original contribution through
the detailed comparison of two local natural fibers in the formulation of unsaturated polyester-reinforced
composites, highlighting the distinct effects of Alfa and Agave fibers on mechanical performance, as well as
their potential to partially replace synthetic fibers in structural and semi-structural applications, with
a strong emphasis on sustainability and the valorization of local resources.

Material and methods
Harvesting, extraction, and preparation of Alfa and Agave fibers

Alfa (Stipa tenacissima) and Agave americana fibers were harvested in the Boussadda region (M’Sila,
Algeria), selecting only mature and healthy leaves with a light-green to green coloration and free from
any visible defects (Figure 1a). This rigorous selection was adopted to ensure morphological homogeneity
and consistent mechanical properties of the extracted fibers.

Fiber extraction was carried out through biological water retting. This environmentally friendly method
consists of immersing the leaves in water at ambient temperature (25-30°C) for 30 to 45 days in closed
containers (Mansour, Abdelaziz, and Fatima Zohra 2018). Retting promotes enzymatic degradation of non-
fibrous components (pectin, hemicelluloses, waxes), allowing efficient release of fiber bundles without the
use of harmful chemical agents (Banik et al. 2003). After retting, the extracted fibers were thoroughly
washed with running water until no visible pith, cuticle fragments, or mucilaginous residues remained on
the bundles. This combination of controlled water retting followed by intensive washing is in line with

Figure 1. Sequential fiber extraction process: (a) Stipa tenacissima (Alfa) plant used as raw material; (b) Stipa tenacissima
fibers after water retting, washing, and drying; (c) Agave americana plant used as raw material; (d) Agave americana fibers
after water retting, washing, and drying.
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standard extraction protocols for natural fibers, where fibers are washed thoroughly with water after retting
to remove residual non-cellulosic components and degradation products before drying (Meddah, Rokbi,
and Zaoui 2023).

Fibers were air-dried in shade, then oven-dried at 70°C for 5 h to achieve low, stable moisture content -
essential for matrix wettability and dimensional stability. Final fiber morphology shown in Figure 1(b,e).

The dried fibers were then manually combed, sorted according to length, and stored in moisture-proof
sealed bags until their use in physicochemical analysis, mechanical testing, and composite fabrication.

The matrix used for composite manufacturing was an orthophthalic polyester resin, widely employed in
industry due to its ease of processing, good adhesion to natural fibers, and moderate cost. Resin curing was
initiated by incorporating 1.5% by volume of methyl ethyl ketone peroxide (MEKP) as a catalyst.

This methodology effectively valorizes local plant resources through environmentally responsible pro-
cesses while ensuring optimal reproducibility and reliability of the produced composite materials.

X-ray diffraction (XRD)

The dried Alfa and Agavefibers were ground and analyzed by XRD (Cu Ka, A = 1.5406 A) in 6-26 mode,
over the range 26 = 5-40°, with a step size of 0.02° and a scanning speed of approximately 1°min~". The
crystallinity index (CI) was estimated using the Segal method (Segal et al. 1959):

Tooz — Lum
CI% = <u> x 100 (1)

Too2

where Iy, is the maximum intensity (corresponding to the (200) plane of cellulose I) around 22-22.8° (20),
and I, is the minimum intensity of the amorphous region near 18° (20). This method, widely used for
lignocellulosic materials, allows a relative comparison between Alfa and Agave; however, its metrological
limitations, discussed in recent literature, must be kept in mind.

ATR-FTIR spectroscopy

Infrared spectra were recorded using Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)
spectroscopy in the range 4000-400 cm ™', with a spectral resolution of 4 cm™" and 32 scans per sample. This
technique was selected to identify the chemical functional groups present on the fiber surfaces through
direct contact with the ATR crystal, providing qualitative information on cellulose, hemicellulose, and
lignin content essential for understanding fiber-matrix compatibility.

Tensile testing of single fibers

The tensile mechanical behavior of individual fibers was evaluated using a universal testing machine
(Zwick/Roell Z100, Germany) equipped with a 2.5 kN load cell. Each fiber was carefully mounted on
a rectangular paper frame to ensure proper axial alignment and prevent slippage, in accordance with the
preparation procedures described in ASTM D3822-01 (International 2007) (Figure 2). The lateral sides of
the frame were cut just before the test to release the fiber and eliminate any possible pre-tension.

Tensile tests were carried out under quasi-static conditions with a crosshead speed of 2.5 mm-min~" and
a gauge length of 40 mm. For each fiber type, at least 30 valid specimens were tested to ensure sufficient
statistical significance. The tensile strength ( 0,) was calculated using the following equation:

og=F/A (2)

where 0 (MPa) is the ultimate tensile stress, F (N) is the maximum applied load, and A (m?) is the mean
cross-sectional area of the fiber, determined from optical micrographs using digital image analysis.

All tests were performed under ambient laboratory conditions (22 + 2°C, 50 + 5% RH). The resulting
stress — strain curves allowed the identification of the elastic and failure regions and were used for statistical
dispersion analysis of the data using the Weibull distribution (Bouchareb et al. 2025).
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Figure 2. Tensile test: (a) preparation of tensile specimens; (b) test specimens loaded in tension until failure.

Weibull statistical analysis

The dispersion of the tensile failure stresses was analyzed by applying the two-parameter Weibull distribu-
tion. The cumulative probability of failure was estimated using (Bedjaoui et al. 2019; Belaadi et al. 2022;
Saaidia et al. 2015):

i—03
() =N704 (3)

where i is the rank of the specimen and N is the total number of samples. The linearized form:

L
Tj@Gw_m%?:mMU_m%) (4)

In(In(
allows the determination of the Weibull modulus (m) and the characteristic strength o (. This approach is
widely used to evaluate the reliability and homogeneity of natural fibers (Amroune, Belaadi, Bourchak, et al.
2022; Belaadi, Amroune, and Bourchak 2020; Benarioua et al. 2025).

Manufacturing of unidirectional composites

The fabrication of the polyester-matrix composites was carried out following a rigorous methodology
inspired by recently validated protocols in the scientific literature (Amroune, Belaadi, Dalmis, et al. 2022;
Grisin, Carosella, and Middendorf 2024; Phiri et al. 2024). After extraction and drying, each fiber type was
processed separately to avoid cross-contamination and to ensure the comparability of results.

The fibers were manually aligned in a strictly parallel configuration to form unidirectional mats with
dimensions of 250 x 150 mm. To ensure homogeneous orientation and stability during handling, the ends
of the fiber bundles were fixed using double-sided adhesive tape on the longitudinal edges of a rigid
cardboard frame, forming a regular mat ready for impregnation (Figure 3(a-e)). Four unidirectional plies
were then prepared for each fiber type of fibers and stacked in a flat rigid mold coated with a release agent.
The Ortho-phthalic polyester resin was carefully degassed under vacuum for several minutes to eliminate
microbubbles that could compromise interfacial cohesion. The mold was then covered with an airtight
nylon film, an absorbent sheet, and a drainage fabric, and sealed hermetically using sealing tape.

Impregnation of the fibers by the resin was optimized through the application of a controlled vacuum of
—0.8 bar, in accordance with the recommendations reported for the vacuum bagging process (Ashrith,
Jeevan, and Xu 2023; Grisin, Carosella, and Middendorf 2024). This step promotes uniform matrix
distribution and reduces internal porosity (Figure 3c). After impregnation, the laminate was left at room
temperature for 24 h to allow initial polymerization, followed by a post-curing treatment at 70°C for 2 h in
a ventilated oven to ensure complete curing and improved dimensional stability (Figure 3d). This metho-
dology enabled the production of homogeneous unidirectional composites characterized by efficient
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Figure 3. Unidirectional plies of: (a,b) Alfa and Agave plies, (c) vacuum bagging setup used for composite manufacturing; (d,
e) bio-composite plates.

impregnation, uniform fiber distribution, and optimized structural quality, thus making the materials
suitable for mechanical characterization and for comparing the performances of the two fiber types.

Mechanical characterization of the composites and the resin

Mechanical tests were conducted to evaluate the performance of the Ortho-phthalic polyester resin alone as
well as the composites. The Tensile tests were carried out in accordance with ASTM D3039 on specimens
with dimensions of 100 x 10 x 2 mm? (Figure 4). Six samples were tested for each configuration (pure resin
and Alfa/polyester composite). The crosshead speed was set to 2 mm/min. In addition, the flexural tests
were performed according to ASTM D790-10 using a tensile testing machine equipped with a 2.5 kN load
cell. The span length between supports was fixed at 32 mm, corresponding to a ratio of L/h = 16, which
complies with the standard recommendations (Figure 5). The mechanical properties (maximum stress,
flexural modulus, and corresponding strain) were calculated using the standard equations for three-point

bending.

Results and discussion
X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was carried out to characterize the crystalline structure of Alfa and Agave
fibers. Based on the corresponding diffractograms (Figure 6(a,b)) and using the empirical Segal method,
a crystallinity index (CI) of =47% was obtained for Alfa fibers and =41% for Agave fibers. This difference is
attributed to the better organization of cellulose chains in Alfa, which generally results in a more ordered
structure and a higher cellulose content - both known factors that increase the stiffness and mechanical
strength of reinforcing fibers. Indeed, high crystallinity is frequently correlated with a higher Young’s
modulus and improved tensile performance (Salem et al. 2023). In contrast, Agave fibers exhibit a lower CI,
indicating a higher proportion of amorphous components (lignin, hemicelluloses) and reduced crystalline
organization. Such a less rigid structure may promote greater ductility and elongation at break, which is
consistent with applications requiring higher energy absorption. Chemical pretreatments such as alkali or
enzymatic treatments, as reviewed in (Antony et al. 2025; Cherian et al. 2023; Chirayil, Joy, et al. 2014;
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Figure 4. Of specimens obtained: (a) tensile and three-point bending specimens of resin, (b) tensile specimens of bio-
composites, and (c) three-point bending specimens of bio-composites.

Figure 5. Experimental setup for three-point bending: (a) experimental configuration; (b) diagram of a flexural test
specimen.

Chirayil, Mathew, et al. 2014; Varghese et al. 2024), can further enhance crystallinity by 10-20% through
selective removal of amorphous components (hemicellulose, lignin, pectin), offering potential for additional
stiffness and compatibility optimization in future Alfa and Agave fiber applications. In summary, the XRD
results (Figures 6a and 7b) and the obtained CI values help explain, in part, the mechanical performance
differences between the two fiber types and guide their potential use in different composite reinforcement
applications. These observations confirm the XRD results and help clarify the structural and mechanical
differences between the two fibers within composite materials.

ATR-FTIR analysis

ATR-FTIR analysis allowed the identification of the main functional groups present in Alfa and Agave fibers
(Table 1). The spectra shown in Figure 7(a,b) reveal characteristic bands of lignocellulosic fibers, similar to
those reported for several other local plant fibers such as Hyphaene thebaica, Lygeum spartum, Juncus
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Figure 7. ATR-FTIR spectra of Agave (a) and Alfa fibers (b).

effusus, Silybum marianum, or Inula viscosa (Belouadah, Ati, and Rokbi 2015; Laifa et al. 2022; Lemita et al.
2022; Maache et al. 2017; Mansour, Abdelaziz, and Fatima Zohra 2018; Moussaoui et al. 2021). The broad
band around 3330-3350 cm ™" corresponds to O - H stretching vibrations, indicating the presence of
cellulose and hemicelluloses. Similar peaks have been reported for Hyphaene thebaica (Mansour,
Abdelaziz, and Fatima Zohra 2018) and Juncus effusus (Maache et al. 2017). The band observed around
~2900 cm ™, attributed to C - H stretching vibrations of aliphatic structures, also appears in all lignocellu-
losic fibers described in the literature. In the 1730-1740 cm™" region, Agave fibers exhibit a more intense
carbonyl (C = O) band, indicative of a higher content of hemicelluloses and pectic compounds. A similar
intensity of this band has been reported for Silybum marianum (Laifa et al. 2022) and Inula viscosa mouss
(Moussaoui et al. 2021). The band around 1510-1520 cm ™}, characteristic of aromatic C = C vibrations of
lignin, is visible in both fiber types but appears slightly more pronounced in Agave fibers. This behavior is
consistent with observations reported for Strelitzia reginae fibers (Lemita et al. 2022), known for their higher
lignin content. Finally, the bands located between 1030 and 1050 cm ™", attributed to C - O — C vibrations of
the polysaccharide cellulose backbone, are more intense in Alfa fibers. This result aligns with the char-
acteristics of cellulose-rich fibers such as Lygeum spartum (Belouadah, Ati, and Rokbi 2015) and Juncus
effusus (Maache et al. 2017), suggesting a higher cellulose content in Alfa fibers. These FTIR signatures
confirm higher cellulose content in Alfa fibers versus hemicellulose/lignin-rich Agave. Chemical pretreat-
ments documented in (Antony et al. 2025; Cherian et al. 2023; Chirayil, Mathew, et al. 2014; Varghese et al.
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Table 1. Identification of the most significant peaks in the ATR-FTIR spectra of the two fibers.

Band positions (cm™")

Wavenumber (cm™) Agave Alfa Functional group Source
3600-3100 3323 3351 O-H stretching Cellulose, Hemicellulose
2950 and 2854 2919 2920 and 2845 CH, Cellulose, Hemicellulose
1740-1600 1735 and 1622 1735 and 1649 Cc=0 Cellulose, Hemicellulose
1460 - 1501 Cc=C Lignin, Hemicellulose
1430 1425 1420 CH, Lignin, Hemicellulose
1377 1377 1330 C-H Lignin

1320 - 1320 CH, and CH3 Cellulose

1243 1245 1240 -C00 Hemicellulose

1055 1030 1030 c-0 Cellulose

1160 1160 - C-0-C Cellulose, Hemicellulose
894 902 898 Glycosidic bond Cellulose, Hemicellulose

2024) demonstrate that alkali and enzymatic methods can further reduce non-cellulosic impurities (C=0O
1730 cm ™", lignin 1500 cm™"), potentially enhancing fiber-matrix compatibility for future composite opti-
mization. Overall, the ATR-FTIR analysis shows that: (i) Alfa fibers possess a higher cellulose content and
a more ordered structure; (ii) Agave fibers contain a higher amount of lignin and amorphous components,
which explains their more ductile mechanical behavior.

Tensile analysis of both single fibers

The tensile tests performed on Alfa and Agave fibers highlight clearly distinct mechanical behaviors
(Figure 8(a,b)). Alfa fibers exhibit a well-defined linear elastic behavior followed by a sudden failure,
characteristic of a brittle and highly crystalline material. This failure mode has already been reported for
Alfa fibers by (Bessadok et al. 2009; Rokbi, Herbelot, and Imad 2013), who emphasized that the high
cellulose content and compact microfibrillar organization promote abrupt failure under tensile loading. In
contrast, Agave fibers show a much more ductile and multi-stage behavior, similar to the observations
reported by (Fiore et al. 2016). The stress — strain curves of Agave typically exhibit: (i) an initial linear elastic
phase; (ii) a non-linear transition zone marked by the occurrence of micro-fractures within the microfibrils,
a phenomenon previously described by (Satyanarayana, Arizaga, and Wypych 2009); (iii) a final quasi-linear
phase leading to failure. This ductile behavior is attributed to a higher lignin and hemicellulose content,
giving Agave fibers a less ordered structure that is more capable of elongation, as explained by (Hidalgo-
Reyes et al. 2015; Satyanarayana, Arizaga, and Wypych 2009). The average mechanical values obtained
(Table 2) confirm these trends: (i) Alfa fibers exhibit a higher tensile strength (269.17 + 70.32 MPa), a higher
Young’s modulus (14.875 +8.60 GPa), and a low elongation at break (1.77 +£0.52%). These values are
consistent with those reported in the literature (Rokbi, Herbelot, and Imad 2013). (ii) Agave fibers display
slightly lower tensile strength (228.97 £47.76 MPa) and a lower modulus (4.83 +1.027 GPa), but
a significantly higher elongation at break (=20%), in agreement with the results published by (Fiore et al.

0,24
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Figure 8. Typical stress—strain (0, €) curve of Alfa fiber. and, (b) Agave fiber.
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Table 2. Mechanical properties of Alfa and Agave fibers.

Tensile strength Young's modulus Elongation at break
Fibers (MPa) (GPa) (%)
Alfa 269.17 £70.32 14.875 £ 8.60 1.77 £0.52
Agave 22897 +47.76 4.83+1.027 20.26 £5.32

2016). The observed differences are directly related to the microstructure of the fibers: (i) Alfa possesses
a more crystalline microfibrillar organization, resulting in higher stiffness and strength. (ii) Agave presents
a more amorphous and lignin-rich structure, promoting energy absorption, plasticity, and deformation
before failure. Finally, the values obtained are comparable to those reported for other natural fibers such as
sisal, kenaf, and certain date palm fibers, further supporting the reliability and consistency of the results.

Weibull statistical analysis

The mechanical properties of Alfa and Agave fibers were estimated using the two-parameter Weibull
distribution. This method is commonly employed to describe the variability of brittle materials and the
dispersion of natural fiber properties (Bourahli 2018; Candido et al. 2014; Dooley, Creasy, and Cuellar 2000;
Hashim and Oleiwi 2016). This approach enables the estimation of the shape parameter (m), which reflects
data dispersion, as well as the characteristic value ( 0 o, Eq, or &) associated with a 63.2% probability of
failure. Figure 9(a—f) show the Weibull distributions for tensile strength, Young’s modulus, and strain at
break, respectively. The nearly linear alignment of the experimental points demonstrates good agreement
with the Weibull model, confirming its relevance for the statistical analysis of fibers. For tensile strength, the
obtained parameters indicate that Agave fibers exhibit slightly lower dispersion than Alfa fibers, reflecting
a more homogeneous mechanical behavior. This result is consistent with the more amorphous nature of
Agave fibers, as previously reported in the literature (Lalaymia et al. 2024). For Young’s modulus, Alfa fibers
show a higher shape parameter (m), indicating lower variability. This behavior is expected for fibers with
a more crystalline and better-organized structure, as demonstrated in several studies such as (El-Abbassi
et al. 2020). Regarding strain at break, Agave fibers present significantly higher characteristic values,
confirming their ductility and superior elongation capacity. This trend is directly related to their higher
lignin and hemicellulose content (Nasri, Loranger, and Toubal 2023; Ye et al. 2018). All Weibull and
experimental results are summarized in Table 3, which compiles the statistical parameters associated with
each mechanical property. In conclusion, the two-parameter Weibull distribution proves to be an effective
tool for modeling the variability of natural fibers. It highlights the difference between the brittle and stiff
behavior of Alfa fibers and the more ductile and dispersed response of Agave fibers, providing essential
information for their use in composite materials.

Tensile test of both composites

The results of the tensile tests show clear differences between the neat polyester resin and the composites.
The pure resin exhibits a typically brittle behavior, characterized by a linear elastic phase followed by an
abrupt fracture, which is consistent with the classical behavior reported for thermoset polyester matrices
(Abbasnejadfard, Bastami, and Hashemi 2022; Hemadi, Al-Ahmady, and Sulyman 2024). The incorpora-
tion of natural fibers significantly enhances the mechanical response of the materials. The polyester/Alfa
composite shows an increase in Young’s modulus (=2.99 GPa) compared to the neat resin, reflecting the
contribution of a rigid reinforcement (Figure 10). This result agrees with the findings of (Brahim and
Cheikh 2007) on Alfa - polyester composites, who reported a significant increase in stiffness due to the
crystalline microfibrillar organization of Alfa fibers. However, the ultimate tensile strength remains
moderate, and the maximum strain is low, suggesting limited fiber - matrix interfacial adhesion, leading
to brittle failure and imperfect load transfer. In contrast, the polyester/Agave composite exhibits a more
ductile mechanical behavior and a higher strain at break (1.55%). This behavior can be attributed to the
more amorphous lignocellulosic structure of Agave fibers and to a more efficient fiber - matrix interface,
enabling greater energy dissipation before fracture. Similar trends have been reported in sisal — polyester
composites (Oksman et al. 2002) and in Agavere inforced polyester composites, where woven Agave fiber
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Figure 9. Two-parameter Weibull distribution for tensile properties (a,b) strength, (c,d) Young’'s modulus, (ef) strain at
break for Alfa and Agave fibers.

reinforcements led to improved tensile properties and interfacial bonding in polyester matrices (Balaji et al.
2025) (Table 4). The maximum tensile strength obtained for the Agave composite (=30.97 MPa) slightly
exceeds that of the Alfa composite (=25.12 MPa), confirming better mechanical and interfacial compat-
ibility of Agave fibers with the polyester matrix. This finding is consistent with the performances reported
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Table 3. Weibull distribution results (two-parameter model) for the mechanical properties of Alfa and Agave americana
fibers.

Plants fiber Tensile strength (MPa) Young's modulus (GPa) Strain (um)
Weibull exp Weibull exp Weibull exp
Agave m=4.52 03=293.93 0 =228.97 m=4.63 Eq=6.17 E=483
Alfa m=3.89 0 0=269.90 0 =213.17 m=5.30 Ey=17.36 E=14.87
Table 4. Comparison of tensile properties of unidirectional natural fiber composites.
Fiber content Tensile strength Young's modulus
Composite UD (%) (MPa) (GPa) Strain (%) Reference
Polyester/Alfa 21 25.12+£6.52 2.99+0.85 0.88+  Present study
0.92
Polyester/Agave 21 30.97 +9.88 2.13+0.51 155+
0.83
Epoxy/Sisal (UD) 46 211 19.7 1.9 Oksman et al. (2002)
Epoxy/Flax (UD) 26+0.4 234+12 16.0+ 1.0 1.7+0.1  Martin, Davies, and Baley (2014)
Epoxy/Jute (UD) 32 122+15 10+0.5 1.7 0.25 Hasan et al. (2021)
Epoxy/Harakeke (UD) 55 223 16.8 1.44 Le and Pickering (2015)
Polyester/Banana (UD) 374 60.9 1.08 Rao, Rao, and Prasad (2010)
Polyester/Vakka (UD) 37 66 1.79 1.70 Rao, Rao, and Prasad (2010)
Polyester/Elephant grass 31.28 80.55 26 1.52 — Rao et al. (2007)
(UD)
Epoxy/Lygeum (UD) 2341+0.14 88.38+11.24 7.17£034 141+ Belouadah, Rokbi, and Ati
0.11 (2022)
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by (Fiore et al. 2016) for sisal/polyester composites, where interfacial adhesion strongly influences strength
and deformation. Overall, these results show that: (i) Alfa fibers, being more crystalline and rigid, provide
a higher modulus but lead to a brittle fracture; (ii) Agave fibers, being more ductile, enhance toughness and
result in a more progressive mechanical behavior; (ii) The reinforcement effect is consistent with classical
observations for unidirectional natural fibres and is comparable to composites reinforced with sisal,
elephant grass, or flax fibers, where the nature of the reinforcement and fiber - matrix interfacial
characteristics strongly influence tensile performance (Martin, Davies, and Baley 2014; Oksman et al.
2002; Rao et al. 2007). These observations highlight the importance of fiber microstructure and interfacial
adhesion in determining the overall behavior of the composites, and confirm that both natural reinforce-
ments investigated offer promising potential for lightweight structural applications.

From an interfacial point of view, several studies have demonstrated that the tensile behavior of unsatu-
rated polyester composites reinforced with natural fibers is strongly governed by the quality of fiber-matrix
adhesion. George, Sreekala, and Thomas (2001) provided a comprehensive review highlighting that efficient
interfacial bonding is essential for effective stress transfer and improved mechanical performance in natural
fiber reinforced polymer composites. This interfacial quality has often been indirectly assessed through
dynamic mechanical analysis (DMA) and the associated glass transition temperature (Tg). In this context,
Pothan, Oommen, and Thomas (2003) reported that improved interfacial bonding in banana fiber reinforced
polyester composites restricts polymer chain mobility near the fiber surface, leading to enhanced stress transfer
and higher tensile efficiency. Similarly, Idicula et al. (2005) showed that variations in viscoelastic response and
damping behavior are directly related to the quality of the interphase in natural fiber-polyester systems.
Although DMA measurements were not performed in the present study, the higher tensile strength and strain
at break observed for the Polyester/Agave composite are consistent with these literature findings, suggesting
more effective fiber-matrix interaction compared to the Polyester/Alfa composite.

Three-point bending behavior of both composites

Figures 11 show the three-point bending stress—strain curves of the neat polyester resin and the unidirec-
tional composites reinforced with Alfa and Agave fibers. The neat polyester resin exhibits a brittle behavior
typical of thermosetting polymers, with a maximum stress of 82.31 + 12.3 MPa and a flexural modulus of
1.79 £ 0.32 GPa (Table 5).

The incorporation of natural fibers significantly modifies the mechanical response of the matrix. The
Polyester/Alfa composite reaches a maximum stress of 95.47 + 10.14 MPa with a modulus of 2.45 + 0.52
GPa, whereas the Polyester/Agave composite shows the highest value, 108.7 + 15.2 MPa, with a modulus of
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Figure 11. Stress—strain curves obtained from three-point bending tests (a) neat polyester resin and the polyester/Alfa
composite, (b) neat polyester resin and the polyester/Agave americana composite.
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Table 5. Comparison of flexural properties of polyester composites reinforced with Alfa and Agave americana fibers versus
literature data on unidirectional natural fiber composites.

Fiber content Flexural strength Flexural modulus Strain at break

Composite (%) (MPa) (GPa) (%) Ref

Polyester 0 8231+123 1.79+0,32 6.49 +2.31 current work
Polyester/Alfa 21 95.47 £2.32 2.45+0,52 245 +£0.52
Polyester/Agave 23 108.7 +9.88 298+0,32 2.89+0.32

Polyester/Vakka 39.7 93.79 332 15+1--27+0.4  (Rao, Rao, and Prasad 2010)
Epoxy/Jute 32 52+9 6.5+ 1 257+03 (Hasan et al. 2021)
Epoxy/Harakeke 49 223 13.72.17 (Le and Pickering 2015)
Polyester/Kenaf 48 235.13£27 5.572+£0.8 (Yousif et al. 2012)
Polyester/Fique 40 168+ 11 118.99 + 8.0+0.7 (Hoyos and Vézquez 2012)
Epoxy/Lygeum 2341+£0.14 11.8 6.02+0.3 (Belouadah, Rokbi, and Ati
spartum 2022)

2.98 £ 0.32 GPa (Amrane et al. 2019). Both composites retain an overall brittle behavior but exhibit a much
higher load-bearing capacity compared to the neat resin.

In terms of relative improvements, flexural strength increases by +25.09% for Polyester/Alfa and
+32.05% for Polyester/Agave, while the modulus increases by +71% (Alfa) and +73% (Agave).
Conversely, the strain at failure decreases substantially, with a reduction of approximately 71% for
Polyester/Alfa and approximately 55% for Polyester/Agave, reflecting the intrinsic brittleness of natural
fibers and the limited interfacial plasticity under flexural loading (Sugiman et al. 2020).

The Polyester/Alfa composite exhibits a mechanically stiff response followed by an abrupt fracture. Such
behavior is typical of highly crystalline fibers, as previously reported for unidirectional Alfa/polyester
composites (Baley 2002; Brahim and Cheikh 2007). In contrast, the Polyester/Agave composite shows
a more progressive response, with a higher maximum load and greater deflection before fracture. This
behavior is associated with the microstructure of Agave fibers, which are rich in lignin and hemicelluloses,
providing enhanced ductility.

Table 5 compares the obtained values with those of other unidirectional natural-fiber composites. The
results show that even with only 23% fiber content, the Polyester/Agave composite achieves flexural
properties superior to some highly loaded natural-fiber composites, such as Polyester/Fique (40%)
(Suarez and Cordoba 2022) and Polyester/Treated Bamboo (48%) (Sugiman et al. 2020). Leaf fibers
(Agave, henequen) are known for their high stiffness and excellent flexural performance due to their
thick cell walls and low microfibril angle, whereas bast fibers (flax, hemp) generally excel in tensile behavior
owing to their high crystallinity (Baley 2002).

These observations confirm that Agave is a particularly effective reinforcement for polyester
composites, offering an advantageous balance between stiffness and ductility even at low fiber
content.

Alfa reinforcement is particularly suited for applications where stiffness is the primary requirement,
whereas Agave offers a more versatile reinforcement, providing a favorable combination of strength,
modulus, and deformation capacity. This makes it suitable for structures requiring improved energy
absorption and better crack-tolerance.

In the context of flexural loading, interfacial adhesion also plays a critical role in determining the
stiffness and load-bearing capacity of natural fiber reinforced polyester composites. Previous DMA studies
by George, Sreekala, and Thomas (2001) and Pothan, Oommen, and Thomas (2003) have shown that
improved fiber — matrix interaction leads to higher storage modulus and shifts in the glass transition
temperature, reflecting restricted molecular mobility at the interphase. Idicula et al. (2005) further
demonstrated that such interfacial effects significantly influence bending performance by enhancing stress
transfer efficiency under flexural deformation. Although DMA analysis was not conducted in this work,
the superior flexural strength and modulus exhibited by the Polyester/Agave composite are in good
agreement with these reported trends, indicating a more efficient interfacial stress transfer compared to
the Polyester/Alfa system.

Alfa/Agave polyester composites (flexural 108 MPa¢ +73% modulus) compare favorably with wood fiber
geo-polymers (Furtos et al. 2021, 2022) demonstrating natural fibers’ broad matrix compatibility while
leveraging polyester’s industrial scalability.
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Conclusion

This study investigated the mechanical performance of polyester composites reinforced with locally avail-
able plant fibers, namely Stipa tenacissima and Agave americana. The results demonstrated that fiber type
significantly influences the mechanical behavior of the composites, with Stipa tenacissima-reinforced
composites exhibiting superior tensile and flexural properties compared to those reinforced with Agave
americana. These differences are mainly attributed to the intrinsic characteristics of the fibers and their
interaction with the polyester matrix. Overall, the findings highlight the potential of local plant fibers,
particularly Stipa tenacissima, as sustainable and effective reinforcements for polyester-based composites in
lightweight structural applications.
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