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Abstract

This study investigates the mechanical behavior of biobased polyurethane (PU) composites reinforced with chemically 
treated sisal fibers. Two composites were fabricated: one reinforced with sisal fibers treated in a 10% NaOH solution 
and the other with fibers treated in a 10% Al(OH)3 solution. The novelty of this work resides in comparing how each 
treatment affects tensile performance and fracture characteristics. Tensile tests were conducted following ASTM D3039, 
and fracture surfaces were analyzed by scanning electron microscopy (SEM). The composite reinforced with Al(OH)3-
treated fibers exhibited the highest tensile strength (15.14 MPa), followed by the NaOH-treated composite (14.09 MPa), 
both outperforming neat PU (6.46 MPa). SEM revealed mixed fracture modes, indicating improved fiber–matrix adhesion 
in treated systems. Results confirm that chemical treatment significantly enhances the mechanical properties of PU–sisal 
composites. Among the methods studied, Al(OH)3 treatment yielded the most favorable performance, highlighting the 
potential of treated fibers for sustainable high-performance composites.
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1. Introduction

The growing demand for environmentally sustainable 
materials has stimulated the development of polymer 
composites reinforced with natural fibers[1,2]. These 
biocomposites combine the advantages of polymers derived 
from renewable resources with the reinforcing potential 
of lignocellulosic fibers, offering an attractive alternative 
to synthetic composites based on glass or carbon fibers[3]. 
Applications in the automotive, packaging, and construction 
industries have particularly benefited from this trend, where 
lightweight structures, reduced environmental footprint, and 
adequate mechanical performance are required[4,5].

Several natural fibers, such as hemp, flax, jute, curauá, 
and sisal, have been extensively studied as reinforcements 
in polymer matrices[6-8]. Their main advantages include low 
density, biodegradability, and favorable tensile properties 
compared to other low-cost reinforcements. However, 
their hydrophilic nature and the presence of amorphous 
constituents (hemicellulose and lignin) hinder interfacial 
adhesion with hydrophobic polymer matrices, reducing 
stress transfer efficiency and compromising performance[9]. 
Therefore, surface modification of fibers through chemical 
treatments has been widely investigated to improve 
fiber–matrix compatibility[10-12].

In this study, sisal fibers were chosen as reinforcement 
due to their wide availability in Brazil, low cost, and 
socioeconomic importance. Brazil is one of the largest 
global producers of sisal, and its agricultural chain is 
already established, which ensures both accessibility and 
reproducibility of results[13]. Compared with hemp and 
flax, more common in European contexts, sisal represents 
a regionally relevant reinforcement with competitive 
mechanical properties, including high specific stiffness 
and satisfactory thermal resistance[14]. These characteristics, 
combined with its abundance, make sisal particularly 
attractive for developing sustainable composites in the 
Brazilian industrial scenario.

To enhance adhesion and improve load transfer 
efficiency, chemical surface modification of natural 
fibers is a common approach. Alkaline treatment with 
sodium hydroxide (NaOH) is the most widely reported 
method, as it removes non-cellulosic components and 
exposes cellulose fibrils, increasing surface roughness 
and enabling stronger interfacial bonding[15,16]. In this 
work, NaOH treatment was adopted as a reference because 
it is consolidated in the literature as one of the most 
effective strategies for improving the tensile strength of 
lignocellulosic fiber composites.
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In parallel, aluminum hydroxide (Al(OH)3) was 
employed as an alternative treatment. Al(OH)3 is widely 
recognized in polymer science as a flame-retardant additive 
due to its ability to release water during decomposition 
and form protective barriers against combustion[17]. 
However, its use as a direct treatment for natural fibers 
has been scarcely explored. Investigating its influence 
on fiber surface morphology and interfacial adhesion is 
therefore novel and provides important insights into its 
potential to simultaneously improve mechanical properties 
and contribute to fire resistance. This represents a gap in 
the current literature and constitutes one of the original 
contributions of this study.

Based on these considerations, the present work 
aims to investigate the mechanical performance and 
fracture morphology of biobased polyurethane (PU) 
composites reinforced with sisal fibers treated with 
NaOH and Al(OH)3 solutions. The study compares 
the effects of both treatments on tensile behavior and 
interfacial adhesion, assessed through standardized 
mechanical testing and scanning electron microscopy 
(SEM). The findings provide new perspectives on the 
role of chemical treatments in developing sustainable 
composites with improved mechanical properties and 
potential multifunctional characteristics.

2. Materials and Methods

2.1 Chemical treatment of sisal fibers

The sisal fibers used in this study were supplied by 
the Associação dos Pequenos Agricultores do Estado da 
Bahia (APAEB), located in the municipality of Valente, 
Bahia, Brazil. The purpose of the chemical treatment was 
to induce structural modifications in the fibers and enhance 
their compatibility with the polymer matrix.

The fibers were divided into two groups and subjected 
to different alkaline treatments. One group was immersed in 
an aqueous solution of sodium hydroxide (NaOH) at 10% 
(w/v), and the other group in an aqueous solution of aluminum 
hydroxide (Al(OH)3) at the same concentration. In both cases, 
a solution-to-fiber ratio of 1 liter per 15 grams of fiber was 
adopted, following the procedure described by Merlini et al.[13].

The fibers remained immersed in the solutions for 1 hour 
at room temperature. After this period, they were rinsed with 
distilled water until the rinse water reached approximately 
neutral pH (≈7). The fibers were then dried in a forced-air 
oven at 100 °C for 3 hours and subsequently stored at room 
temperature until composite fabrication. The sequence of 
steps involved in the alkaline treatment process is illustrated 
in the treatment flow diagram (see Figure 1), including fiber 
preparation and chemical immersion.

Figure 1. Sequential stages of the sisal fiber alkaline treatment process: (a) weighing of raw fibers; (b) temperature monitoring of water; 
(c) washing of fibers in distilled water; (d) weighing of aluminum hydroxide; (e) fiber immersion in Al(OH)3; (f) fiber immersion in NaOH.



Mechanical performance of biobased polyurethane composites reinforced with treated sisal fibers

Polímeros, 36(1), e20260004, 2026 3/9

2.2 Fabrication of the composites

The production of the composites was carried out using 
biobased polyurethane (PU) resin and chemically treated 
sisal fibers as the main components. The process employed 
a 0.3 mm silicone release sheet, 3 mm acrylic plates, a 
circular cutter, a precision digital scale, and the resin system 
supplied by Kehl Ind. e Com. Ltda – ME.

After chemical treatment, the sisal fibers were manually 
cut to approximately 60 mm in length, following the 
methodology proposed by Angrizani et al.[18], with the aim 
of reducing void formation and improving fiber dispersion. 
A fiber content corresponding to 35 wt% relative to the 
mass of the polyurethane resin was used, with the PU mass 
kept constant. Thus, the fibers were added as reinforcement 
rather than as matrix replacement.

Molding was performed in an acrylic mold with dimensions 
of 90 × 265 × 3 mm, designed to ensure proper shaping, 
facilitate demolding, and standardize specimen dimensions 
(see Figure 2). The fibers were randomly arranged inside the 
mold. To limit uncontrolled expansion of the polyurethane, 
a blind acrylic plate was placed on top of the mold and a 
static load of approximately 29.7 kg (four concrete blocks) 
was applied for two hours. This procedure corresponds to 
a controlled expansion process with static pre-compaction, 
rather than conventional compression molding under defined 
pressure. After this step, the resin was poured, the composites 
were cured at room temperature for 4 h, and the specimens 
were subsequently demolded and cut according to ASTM 
D3039[19] and ASTM D635 standards.

The polyurethane system was formulated using a 
stoichiometric 1:1 mass ratio of components A (isocyanate) 
and B (polyol), as recommended in the product’s safety data 
sheet (FISPQ)[20]. An additional 15% was added to each 

component to compensate for material losses due to adhesion 
and handling. Each component was stirred individually for 
5 minutes and then mechanically mixed for an additional 
5 minutes, following the manufacturer’s instructions. The 
mixing and resin preparation procedure is illustrated in the 
schematic diagram (see Figure 3).

The resulting PU mixture was poured directly onto 
the compacted fiber mat, allowing controlled expansion 
to ensure uniform impregnation of the reinforcement. 
The composite was then cured at room temperature for 
4 hours. After curing, the specimens were demolded and cut 
according to the ASTM D3039[19] (tensile test) and ASTM 
D635 (horizontal flammability test) standards.

2.3 Characterization methods

To evaluate the mechanical performance of the produced 
composites, tensile tests were performed in accordance 
with ASTM D3039. Specimens were manually cut from 
the molded composite panels, with standard dimensions of 
250 mm in length, 25 mm in width, and 3 mm in thickness[8]. 
A minimum of four specimens was tested for each material 
type: PU reinforced with NaOH-treated fibers, PU reinforced 
with Al(OH)3-treated fibers, and neat PU.

The tensile tests were conducted using an Emic universal 
testing machine equipped with a 100 kN load cell, operating 
at a constant crosshead speed of 2 mm·min−1[19] at room 
temperature.

Following mechanical testing, fracture surface analysis 
was carried out using a benchtop scanning electron microscope 
(SEM), model Hitachi TM 3000. The micrographs allowed 
for the identification of failure mechanisms such as fiber 
pull-out, matrix rupture, and fiber–matrix interfacial 
debonding, providing morphological evidence to support 
the mechanical test results.

Figure 2. Schematic representation of the mold setup used for composite fabrication, showing the arrangement of silicone release sheets, 
acrylic mold, and applied pressure.

Figure 3. Schematic representation of polyurethane resin preparation: reaction between component A (isocyanate) and component B 
(polyol), resulting in urethane linkages and formation of the PU matrix.
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3. Results and Discussions

This section presents and discusses the main results 
from the mechanical and morphological characterization 
of biobased polyurethane composites reinforced with 
sisal fibers treated with alkaline solutions of NaOH and 
Al(OH)3. The tensile strength results of the composites are 
analyzed in comparison to neat PU, highlighting the specific 
contributions of each fiber treatment. Additionally, scanning 
electron microscopy (SEM) images of the fracture surfaces 
are examined to discuss the failure mechanisms observed, 
providing morphological insights that complement and help 
explain the mechanical behavior.

3.1 Tensile strength of the composites

The tensile test results for neat polyurethane (PU) and 
for the composites reinforced with sisal fibers treated with 
alkaline solutions are presented in Table 1. The neat PU 
exhibited an average tensile strength of 6.46 ± 0.93 MPa, 
an elastic modulus of 0.08 ± 0.01 GPa, and an elongation 
at break of 8.12 ± 0.40%.

The incorporation of chemically treated sisal fibers 
significantly enhanced the mechanical performance of the 
PU matrix. The composite reinforced with NaOH-treated 
fibers achieved an average tensile strength of 14.09 ± 1.24 
MPa, while the composite with Al(OH)3-treated fibers 
reached 15.14 ± 2.07 MPa, corresponding to increases of 
118.11% and 134.36%, respectively, compared to neat PU.

Furthermore, the elastic modulus increased to 0.56 ± 0.04 
GPa for the NaOH composite and to 0.75 ± 0.10 GPa for 
the Al(OH)3 composite. In contrast, the elongation at break 
decreased to 2.51 ± 0.11% and 2.02 ± 0.22%, respectively, 
indicating that the fiber reinforcement increased stiffness 
while reducing ductility.

One-way ANOVA was conducted to evaluate the 
differences among the three groups (neat PU and both fiber-
reinforced composites). The test yielded an F-value of 26.06 
and a p-value of 0.000067, demonstrating a statistically 
significant difference among groups (p < 0.05). The F 
statistic represents the ratio of variance between groups to 
variance within groups, while the p-value corresponds to 
the probability, under the null hypothesis of equal means, of 
obtaining such an F-value. Post-hoc Tukey tests confirmed 
that both NaOH- and Al(OH)3-treated composites were 
significantly different from neat PU, with the Al(OH)3 
treatment yielding the highest mean strength.

It is important to note that this study did not include 
a composite reinforced with untreated sisal fibers, due 
to the limited amount of resin available for processing. 
Therefore, while the present results demonstrate that 
fiber treatments are associated with improved mechanical 
performance compared to neat PU, further experiments 

including untreated sisal as a control will be necessary 
to directly quantify the incremental effect of chemical 
modifications. Nevertheless, SEM analysis provides 
supporting evidence that the improvements observed are 
consistent with enhanced fiber–matrix interfacial bonding 
promoted by the treatments.

The revised stress–strain curves (see Figure 4) emphasize 
the mechanical advantages of the reinforced systems over 
neat PU. Both composites exhibit steeper initial slopes, 
indicating increased stiffness. After the peak stress, the 
curves show a sharp drop, characteristic of brittle fracture 
behavior with limited post-peak deformation. The composite 
reinforced with Al(OH)3-treated fibers displays the steepest 
initial slope, reflecting its superior elastic modulus. In 
contrast, the neat PU shows an extended region of nearly 
constant stress with increasing strain, which in some 
specimens was attributed to grip slippage artifacts; these 
curves were discarded and repeated to ensure reliable 
elongation-at-break data.

These results are in line with the findings of Sencadas et al.[21], 
Kilinç et al.[16], and Liu et al.[17] , who reported increased tensile 
strength in composites reinforced with chemically treated sisal 
fibers. The values obtained in this study are consistent with 
those previously reported, considering the variability in fiber 
treatments and matrix structures.

3.2 Morphological analysis of the composites

The fracture morphology of the test specimens was 
analyzed by scanning electron microscopy (SEM) to better 
understand the failure mechanisms associated with the 
mechanical performance observed.

Table 1. Mechanical properties of neat polyurethane (PU) and composites reinforced with chemically treated sisal fibers.
Material Tensile Strength (MPa) Elastic Modulus (GPa) Elongation at Break (%)

Neat Pu 6,46 ± 0.93 0.08 ± 0.01 8,12 ± 0.40%
Composite NaOH-treated fiber 14,09 ± 1,24 0.56 ± 0.04 2,51 ± 0.11%
Composite Al(OH)3-treated fiber 15,14 ± 2,07 0.75 ± 0.1 2,02 ± 0.22%

Figure 4. Stress–strain curves of neat polyurethane (PU) and 
composites reinforced with sisal fibers treated with NaOH and 
Al(OH)3.
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The SEM image of the fracture surface of neat polyurethane 
(PU) revealed a highly porous structure with numerous air 
bubbles and voids of varying sizes, distributed relatively 
homogeneously throughout the matrix (see Figure  5). 
While this morphology may reflect good uniformity during 
molding, it also suggests the presence of stress concentration 
zones that can negatively affect mechanical strength. The 
smooth edges of the pores and the presence of visible cracks 
support the hypothesis of brittle fracture behavior, consistent 
with findings reported in the literature[21].

The fracture surface of the composite reinforced with 
sisal fibers treated with NaOH reveals several distinct 
morphological features (see Figure 6). Voids are dispersed 
throughout the matrix, likely formed during the curing 
process due to the entrapment of volatile gases. These 
imperfections compromise the material’s homogeneity and 
may contribute to reduced tensile strength.

A reasonably homogeneous distribution of fibers with 
random orientations is also observed. While some fibers are 
well embedded in the matrix, others exhibit partial pull-out, 
indicating areas of weak interfacial adhesion. However, 
regions with visible residual matrix adhered to the fiber 
surfaces suggest localized mechanical interlocking, which 
may contribute positively to load transfer in certain zones.

This interpretation is further supported by the SEM 
analysis (see Figure 7), which highlights the occurrence of 
fiber pull-out, where fibers are partially extracted from the 
matrix during fracture. This behavior is typically associated 
with insufficient interfacial adhesion, potentially resulting 
from physical or chemical incompatibilities between the 
fiber and the matrix. At the same time, some fibers appear to 
have fractured rather than being pulled out (see Figure 7a), 
suggesting that effective stress transfer occurred from the 
matrix to the reinforcement. This combination of pull-out 

Figure 5. SEM micrographs of the fracture surface of neat polyurethane (PU): (a) Porous morphology with distributed air bubbles 
(magnification: 25×); (b) Evidence of surface cracks (fissures), indicative of brittle fracture (magnification: 50×).

Figure 6. SEM micrographs of the fracture surface of the PU composite reinforced with NaOH-treated sisal fibers: (a) Voids and randomly 
oriented fibers dispersed in the matrix (25×); (b) Fiber–matrix interface showing regions of partial adhesion and matrix residue.
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and fiber fracture explains the higher tensile strength 
and stiffness of the Al(OH)3-treated composite, while its 
lower elongation at break indicates that these gains were 
accompanied by increased brittleness compared to the 
NaOH-treated system.

A transverse fracture of the NaOH-treated sisal fiber 
reveals important characteristics of the failure mechanism 
(see Figure 8). The fractured surfaces appear rough and 
inclined, with exposed microfibrillar layers, which are 
indicative of a shear-dominated failure. This morphology 
suggests that the fibers were able to absorb energy during 
loading and only fractured after reaching their tensile limit. 
Additionally, the presence of residual matrix adhered to the 
fiber surface reinforces the evidence of effective fiber–matrix 
interfacial bonding.

The fracture morphology of the composite reinforced 
with Al(OH)3-treated fibers reveals notable differences 
when compared to the NaOH-treated system (see Figure 9). 

Fewer voids are observed throughout the matrix, suggesting 
greater homogeneity and more efficient stress transfer 
between the matrix and the fibers. Although the fiber pull-
out phenomenon is still present, it appears less pronounced, 
indicating improved interfacial bonding in certain regions. 
These microstructural features explain the higher tensile strength 
and stiffness of the Al(OH)3 composite; however, they are also 
consistent with its lower elongation at break, reflecting a more 
brittle behavior than the NaOH-treated system.

Additional morphological details of the Al(OH)3-treated 
fiber composite are presented (Figure 10). Partial separation 
of fiber bundles and the orderly detachment of layers are 
observed, indicating a shear-dominated failure mechanism. 
The progressive delamination of fiber layers suggests that the 
treatment preserved the hierarchical structure of the fibers, 
contributing to efficient load transfer and the higher stiffness 
observed. However, in agreement with the mechanical 
results, the overall composite exhibited lower elongation 

Figure 7. SEM micrographs of the PU/NaOH composite fracture surface highlighting interfacial failure mechanisms: (a) Fractured fiber 
indicating stress transfer from the matrix; (b) Evidence of fiber pull-out, suggesting regions of weak fiber–matrix adhesion.

Figure 8. SEM micrographs of fractured NaOH-treated sisal fibers: (a) Rough and inclined fracture surface with signs of shear failure 
and residual matrix; (b) Transverse fiber rupture exposing microfibrillar layers, indicating energy absorption before failure.
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at break, reflecting a more brittle behavior compared to the 
NaOH-treated system. Furthermore, small bright regions 
(white spots) visible on the fiber surface may correspond 
to residual aluminum hydroxide particles. These residues 
could potentially enhance flame-retardant properties and 
improve fiber–matrix bonding by forming a protective layer 
or enhancing interfacial compatibility[16].

3.3 Correlation between morphology and mechanical 
performance

The correlation between the tensile properties and the 
fracture morphology reveals clear links between microstructure 
and performance. In neat PU, the low tensile strength 
(6.46 MPa) can be directly related to its highly porous 
structure, as evidenced in Figure 5. The presence of voids and 
entrapped air bubbles acted as stress concentrators, reducing 

the effective cross-section of the material and favoring the 
premature nucleation of cracks. This microstructural condition 
limited the capacity for plastic deformation and promoted 
brittle fracture, which was also confirmed by the smooth 
pore edges and cracks observed under SEM, in agreement 
with previous studies[21].

When sisal fibers were incorporated, the mechanical 
performance improved substantially. The NaOH-treated 
composite reached 14.09 MPa, while the Al(OH)3-treated 
composite achieved 15.14 MPa, both significantly higher 
than neat PU. These results highlight the role of the fibers 
as effective reinforcements and show the importance of the 
fiber–matrix interface in governing stress transfer. The higher 
elastic modulus values measured for the composites confirm 
that the inclusion of fibers restricted matrix deformation, 
producing stiffer materials.

Figure 9. SEM micrographs of the PU composite reinforced with Al(OH)3-treated sisal fibers: (a) Fracture surface with reduced void 
content, indicating improved matrix homogeneity (25×); (b) Fiber pull-out observed at the fracture interface, suggesting moderate 
interfacial adhesion (200×).

Figure 10. SEM micrographs of the PU/Al(OH)3 composite: (a) Gradual fiber bundle separation with shear fracture features (200×); 
(b) Delaminated fiber with residual particles on the surface (500×).
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The micrographs of the NaOH-reinforced composite 
(Figures 6-8) illustrate this effect. Although voids remained, 
reflecting imperfections from curing, the fibers appeared 
relatively well distributed in random orientations. Partial 
pull-out was observed in some regions, indicating areas of 
weaker adhesion, but several fibers retained residual matrix 
on their surfaces, suggesting localized interfacial bonding. 
This morphology explains the intermediate performance of 
this composite: tensile strength and modulus clearly superior 
to neat PU, while preserving slightly higher elongation at 
break compared with the Al(OH)3 composite.

The Al(OH)3-treated composite (Figures  9  and  10) 
displayed a distinct morphology, with fewer voids and more 
cohesive fiber–matrix integration. Shear-type fractures 
and fibrillar bundles suggested efficient load transfer and 
stronger interfacial bonding. Bright spots observed on fiber 
surfaces were attributed to aluminum hydroxide residues, 
which may contribute both to flame retardancy and to 
improved compatibility at the interface[10]. These structural 
features justify the highest tensile strength (15.14 MPa) and 
elastic modulus (0.75 GPa) obtained. However, the reduced 
elongation at break confirms that the Al(OH)3 composite 
was the most brittle system investigated, since the gains 
in stiffness were accompanied by a loss of deformability.

A direct comparison between the two treatments reveals 
a trade-off between strength, stiffness, and ductility. The 
NaOH-treated composite provided significant reinforcement 
and maintained a limited capacity for deformation, while 
the Al(OH)3 treatment maximized stiffness and strength 
but produced the most brittle response. These differences 
reflect the distinct chemical effects of the treatments: NaOH 
removed amorphous constituents such as hemicellulose and 
lignin, increasing fiber roughness and promoting mechanical 
interlocking, while Al(OH)3 generated surface deposits that 
enhanced load transfer but also reduced fiber flexibility, 
limiting the ability of the composite to accommodate strain.

Taken together, these results confirm that porosity, fiber–
matrix adhesion, and fracture mechanisms are decisive factors 
in the mechanical behavior of PU–sisal composites. Both 
chemical treatments improved reinforcement significantly, 
but with different balances: Al(OH)3 produced the stiffest 
and strongest composite, albeit the most brittle, while NaOH 
offered a more balanced compromise between stiffness 
and residual ductility. These findings emphasize that fiber 
treatments must be tailored to the intended application, 
depending on whether stiffness, strength, or toughness is 
the primary requirement.

4. Conclusions

This study aimed to evaluate the mechanical and 
morphological behavior of sustainable composites based on 
biobased polyurethane reinforced with sisal fibers treated with 
alkaline solutions of NaOH and Al(OH)3. Based on the results 
obtained, the proposed objective was successfully achieved.

The incorporation of chemically treated fibers led to a 
significant enhancement in the mechanical performance of 
the composites, confirming the effectiveness of sisal fiber 
reinforcement in biopolymer matrices. The tensile strength, 
stiffness, and modulus values increased considerably in both 

reinforced systems when compared to neat polyurethane. 
Furthermore, the SEM-based morphological evaluation 
provided valuable insights into the fracture mechanisms, 
emphasizing the crucial role of fiber–matrix interfacial 
bonding.

The composite reinforced with Al(OH)3-treated fibers 
exhibited better interfacial integration and a more uniform 
internal structure, resulting in the highest stiffness and 
tensile strength. However, these gains were accompanied 
by the lowest elongation at break, confirming its more 
brittle behavior. In contrast, the NaOH-treated composite 
also provided significant improvements over neat PU but 
retained slightly greater ductility, representing a more 
balanced compromise between stiffness and deformability.

Overall, the findings reinforce the viability of using 
chemically modified natural fibers as reinforcements in 
sustainable composite systems. The mechanical improvements, 
combined with the environmental advantages of biobased 
materials, support the application of these composites in 
engineering contexts that demand low weight, renewable 
sourcing, and reliable mechanical performance.
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