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The flexural behavior and intrinsic mechanical properties were studied for 
polypropylene (PP) composites reinforced with 20 to 50 wt.% henequen 
strands, using maleic anhydride grafted polypropylene (MAPP) as 
compatibilizer. The maximum strain at break of the fibers was estimated 
by regression-based extrapolation (ε = 8%), which enabled calculation of 
the microfibrillar angle (MFA = 22.8°) using a modified Satyanarayana 
approach. Together with cellulose content and crystallinity, the resulting 
structural parameter (δ = 1.72) confirmed the suitability of henequen 
strands as reinforcement for thermoplastic composites. The composite 
flexural modulus exhibited a linear increase with fiber volume fraction (R² 
= 0.99), rising from 1.15 GPa for neat PP to 3.75 GPa at 50 wt.% fiber 
content, while the strain at break decreased consistently with increasing 
reinforcement content. Predictions obtained using the Hirsch model and 
the modified rule of mixtures, with efficiency factors (ηe) ranging from 0.45 
to 0.55, showed good agreement with experimental results. Furthermore, 
three micromechanical models, Hirsch, Tsai–Pagano, and Nielsen, 
yielded consistent intrinsic flexural moduli for the henequen strands, in the 
range of 16 to 17 GPa. These results highlight the reinforcing potential of 
henequen strands and reveal their effectiveness in increasing the flexural 
stiffness of polypropylene-based composites. 

 

DOI: 10.15376/biores.21.3.8226-8248 

 

Keywords: Henequen; Polypropylene composites; Flexural modulus; Natural fiber reinforcement; 

Micromechanical modeling 

 
Contact information: LEPAMAP-PRODIS Research Group, University of Girona, 17003 Girona, Spain;  

* Corresponding author: faust.seculi@udg.edu 

 

 

INTRODUCTION 
 

The progressive depletion of oil-based polymers is a priority given their life-cycle 

burdens, including substantial greenhouse gas emissions and fossil carbon use, limited 

circularity, and the persistence of macro- and microplastics in the environment (Geyer et 

al. 2017; Zheng and Suh 2019; Meys et al. 2021; Piao et al. 2024). These concerns are 

amplified by rising production volumes and constrained end-of-life performance in current 

systems, especially in packaging-intensive applications (Geyer et al. 2017; Plastics Europe 

2024).  

Within this context, substituting a fraction of polymers with natural fiber-reinforced 

polymers (NFRPs) offers an incremental route to lower embodied carbon and mass while 

retaining structural utility (Maurya and Manik 2023; Tran et al. 2025). NFRPs combine 

thermoplastic matrices with lignocellulosic fibers whose diversity in morphology, 

chemistry and, mechanical properties enable tailoring to performance and processing 
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windows (Joseph et al. 2002; Hariprasad et al. 2020; Erana 2024). Fully bio-based matrices 

continue to advance, yet industrial uptake remains uneven due to cost, thermal/processing 

compatibility, supply reliability, and qualification constraints; in parallel, NFRPs 

formulated with the most widely used thermoplastics (polyolefins, notably PP) have 

already penetrated established value chains (OECD 2024; Plastics Europe 2024). 

Among plant fibers, henequen (Agave fourcroydes) is an attractive reinforcement 

for polypropylene (PP): it provides favorable specific stiffness (Serra-Parareda et al. 2021), 

a surface conducive to mechanical interlocking, and a renewable origin. Typically, 

henequen fibers present a cellulose content ranging from 60 to 78 wt.%, hemicellulose 

contents between 4 and 28 wt.%, lignin contents between 8 and 13 wt.%, and pectin 

contents around 3 to 4 wt.%. In addition, they present a density close to 1.49 g/cm3 and 

diameters ranging from approximately 20 to 500 μm, depending on extraction and 

processing conditions (Biagiotti et al. 2004). Interfacial and flexural improvements have 

been obtained through surface treatments and interface engineering in PP–henequen 

systems (Cho et al. 2007; Lee et al. 2008), and recent PP/Agave composite reports highlight 

the stiffening potential in injection-moulded formulations and the sensitivity of 

performance to interface quality, even in related PE matrices (Anaya-Ramirez et al. 2022; 

Mansouri et al. 2024).  

A central determinant of performance in NFRPs is the matrix–fiber interface. 

Lignocellulosic fibers are hydrophilic and heterogeneous; diameter, aspect ratio, the 

presence of a lumen, wall architecture and surface chemistry govern wetting, stress 

transfer, damage initiation and durability (Joseph et al. 2002; Hariprasad et al. 2020). 

Coupling agents are therefore critical: in PP systems, maleic anhydride-grafted 

polypropylene (MAPP) is widely used to promote interfacial bonding with fiber hydroxyl 

groups, enhancing load transfer and frequently increasing stiffness/strength of such 

composite materials (El-Sabbagh 2014; Anbupalani et al. 2020; Çavuş and Mengeloğlu 

2020). Moreover, systematic studies show optimum MAPP/fiber ratios ~10 TO 13% 

relative to fiber mass (at 30 to 50 wt.% fiber)—equivalent to low single-digit wt.% on a 

composite basis—balancing adhesion against embrittlement and decreases in the material’s 

processability (El-Sabbagh 2014).  

This work focused on the flexural modulus of PP–henequen composites as a 

function of fiber content (20 to 50 wt.%), using a fixed 4 wt.% MAPP loading identified in 

prior PP–agave/henequen research and broader natural-fiber PP literature as near-optimal 

for increasing the interfacial adhesion without undue loss of toughness (El-Sabbagh 2014; 

Anaya-Ramirez et al. 2022; Mansouri et al. 2024). Flexural stiffness is a key selection 

metric for panels, housings, and semi-structural parts under bending and is sensitive to 

orientation, length efficiency and interface quality, thus serving as an informative probe of 

micromechanics (Joseph et al. 2002; Erana 2024).  

The first aim of the study was to quantify the evolution of flexural modulus with 

fiber content under standardized testing, complementing available tensile/flexural datasets 

for PP–agave/henequen systems (Lee et al. 2008; Mansouri et al. 2024). The study 

interpreted stiffness trends using classical and semi-empirical models, rule-of-mixtures 

with orientation/length factors, Hirsch mixing, Halpin–Tsai/Pagano and Nielsen’s 

modification (Cox 1952; Affdl and Kardos 1976; Nairn and Mendels 2001; Clyne and Hull 

2019; Anbupalani et al. 2020). Finally, the intrinsic parameters (effective fiber modulus, 

interfacial/efficiency factors) were estimated by confronting experimental data with 

multiple models and cross-validating internal consistency. Comparative analyses in 

natural-fiber composites show Hirsch and Halpin–Tsai often bracket experimental moduli 
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for semi-random/short-fiber reinforced systems (Affdl and Kardos 1976; Chichane et al. 

2023). 

Collectively, the results provide a structure–property map for the PP–henequen 

strands–MAPP system that links fiber fraction, interface engineering and flexural stiffness, 

informing formulation choices for applications seeking to reduce oil-based content while 

maintaining stiffness-driven performance (Zheng and Suh 2019; Meys et al. 2021).  

 
 
EXPERIMENTAL 
 
Materials 

The polymer matrix used for the fabrication of composite materials was 

homopolymer polypropylene (PP) of grade ISPLEN PP090 G2M, provided by Repsol 

Química, S.A. (Tarragona, Spain). This injection-grade PP (ISPLEN PP090 G2M) has a 

melt flow index of 30 g/10 min (at 230 °C with a 2.16 kg load) and a density of 0.905 

g/cm³. 

To increase the strength of the interface, maleic acid grafted polypropylene 

(MAPP) of grade Epolene G3015, acquired from Eastman Chemical Products (San Roque, 

Spain), and with an acid number of 15 mg KOH/g and a molecular weight of 24,800 Da, 

was employed.  

The henequen strands (HS), used as reinforcement, were derived from Agave 

fourcroydes and procured from the Centro de Investigación Científica de Yucatán (CICY) 

in Mérida, Mexico. The strands contained 68.1% cellulose, 18.2% hemicellulose, 8.7% 

lignin, 3.7% extractives, and 1.3% ashes (Tarrés et al. 2019).  

 
Fiber Characterization 

X-ray diffraction (XRD) patterns were acquired using a PANalytical X′Pert PRO 

MPD diffractometer, equipped with a focusing mirror and operating in transmission mode. 

The instrument utilized Cu-Kα radiation (λ =1.542 Å) with an applied current of 40 mA.  

To estimate the fiber’s crystallinity index (CI), XRD was performed in reflection 

mode using the same diffractometer. The incident beam height was set to 0.4 mm, defined 

by the fixed divergence and anti- scatter slits. The CI was calculated using the Segal peak-

height method according to Eq. 1 (Segal et al. 1959), 

𝐶𝐼 =
𝐼002−𝐼𝑎𝑚

𝐼002
         (1) 

where 𝐼002 corresponds to the maximum intensity of the (002) crystalline peak (around 2θ 

≈ 22-23°), and 𝐼𝑎𝑚 represents the intensity of the amorphous contribution (around 2θ ≈ 

18°). 

The analysis focused solely on quantifying the relative proportion of crystalline 

domains within the fiber structure, without deriving or interpreting any additional structural 

parameters. The resulting crystallinity index was used as a standalone metric to support 

subsequent discussions on fiber organization and its potential influence on composite 

performance. 

 
Composite Materials Obtention 

HS were chopped to lengths of 1 mm. Previous research on the same PP–henequen 

system showed that increasing the initial fiber length does not necessarily result in a 
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proportional increase in the effective fiber length after processing due to the attrition 

occurring during compounding (Serra-Parareda et al. 2021). The average diameter of the 

fibers was measured using optical microscopy, resulting in a value of 220.8 μm.  

Composite materials were synthesized using a Brabender Plastograph mixer 

(Brabender®, Duisburg, Germany) featuring two counter-rotating screws to ensure optimal 

dispersion. Initially, PP and MAPP were simultaneously introduced into the mixing 

chamber, maintained at a temperature of 180 °C and a rotation speed of 80 rpm, until the 

mixture was fully molten. Subsequently, HS, were added while maintaining the same 

temperature and rotational speed. During this process, the fibers are subjected to attrition 

phenomena, and their length is reduced considerably. This impacts the aspect ratio of the 

reinforcements and its potential to strengthen and stiffen the composite materials.  

The effective fiber dimensions used in the subsequent micromechanical analysis 

correspond to measurements previously reported (Espinach et al. 2022), obtained from the 

same set of composite specimens analyzed in the present study. In the cited paper, the 

intrinsic tensile strength of henequen-reinforced composites was evaluated using 

specimens from the same experimental batch analyzed in the present study. The only 

difference between the two works was the specimen geometry, which was intended for 

tensile testing in the former study and for flexural testing in the present one. Since both 

geometries are simultaneously produced using the same steel injection mold, no significant 

differences in the average fiber morphological properties are expected. Upon completion 

of the mixing process, the composite material was extricated from the chamber, allowed to 

cool, and then ground using a knife mill equipped with a 5 mm mesh screen at its base to 

ensure uniform granule size. The resulting granules were then stored at 80 °C for 24 h to 

eliminate any residual moisture. 

 

 
 

Fig. 1. Flowchart of the procedure: from raw materials processing to micromechanical modelling 
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A steel mold was used to fabricate samples in an injection molding machine 

Meteor-40 (Mateu and Solé, Spain). The injection molding process was conducted with the 

following temperature settings: 175 °C in zone 1, 175 °C in zone 2, and 190 °C at the 

nozzle, adhering to ASTM D3641 (2024) requirements for the three heating zones of the 

injection machine. Prior to flexural testing, the specimens were conditioned in a climate 

control chamber at 23 °C and 50% relative humidity for 48 h, following ASTM D618-21 

(2021) standards. Flexural properties were measured using a universal testing machine 

(INSTRON 1122) operating at a crosshead speed of 2 mm/min, in accordance with ASTM 

D790-17 (2026) specifications. 

 
Single-fiber Test 

Single-fiber tensile tests were conducted in accordance with ASTM D3822-01 

(2017) (Fig. 2). Individual fibers were randomly selected and mounted one-by-one onto a 

Minimat-type cardboard frame featuring identical rectangular windows. Tests were 

performed using a 200 N load cell: one end of the frame was secured in a stationary grip, 

while the opposite end was clamped in a moving grip operating at a constant crosshead 

speed. The applied force was recorded continuously as the fiber was loaded in tension to 

failure. The crosshead speed was set to 0.635 mm s⁻¹, corresponding to 10% of the 

calibrated gauge length, to ensure a strain at break below 8%. 

 

 
Fig. 2. Representation of the single fiber tensile test setup in accordance with ASTM D3822-01 
(2017) 

 

Test acquisition was controlled by dedicated software, yielding load–deformation 

curves for each filament. The initial portion of each curve was approximately linear, 

corresponding to the elastic regime, in which the fiber recovers its original length upon 

unloading. The initial linear portion of each curve corresponds to the elastic regime. 

Although this region can be used to estimate the intrinsic Young’s modulus, in the present 

work the single-fiber tensile tests were primarily conducted to determine the strain at break 

as a function of gauge length. Because the likelihood of critical flaws increases with gauge 

length, deformation metrics were targeted at the shortest practical lengths. To estimate the 

maximum theoretical strain at failure for an ideal fiber, natural fibers were tested at gauge 

lengths of 1”, ¾”, ½”, and ¼”, and the resulting strain-at-break data were extrapolated to a 

0 mm intercept (Fig. 3). This parameter was subsequently extrapolated to a zero-length 

condition to estimate the theoretical maximum strain at break, which was used as input for 

the MFA calculation. Although fiber diameter measurements were available, they were not 

required for the strain-at-break extrapolation procedure. 
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Fig. 3. Dependence of strain at break on single fiber length 
 

MFA-based Models 
Quadratic relationships between elongation and microfibril angle (MFA) have been 

proposed in the literature (Isik et al. 2008). However, these formulations generally show 

only a weak link between these two variables, and the MFA values back-calculated from 

these formulae have been reported as physically implausible (Barnett and Bonham 2004). 

To address these limitations, the authors derived an alternative expression by combining 

their experimental results with literature datasets from multiple natural-fiber filaments. 

Plotting MFA against strain at break produced a second-order trend, leading to a quadratic 

fit that remains consistent with earlier reports (De Souza et al. 2022). 

 

Flexural Modulus Evaluation 
The flexural modulus of the composite materials was evaluated by three-point 

bending tests in accordance with ASTM D790-17 (2026). Test specimens were 

manufactured following the same standard, with nominal dimensions of 127 × 12.7 × 3.2 

mm. A minimum of five specimens was tested for each composite formulation. Flexural 

measurements were carried out using an Instron® 1122 universal testing machine 

(Metrotec, S.A., Barcelona, Spain) equipped with a 5000 N load cell. Tests were performed 

at a strain rate of 0.10 mm/mm/min and a support span of 52.6 mm. 

Composites with HS contents between 20 and 50 wt.% were prepared using a fixed 

MAPP content of 4 wt.%. This content was selected based on previous work (Tarrés et al. 

2019), where it was identified as near-optimal for interfacial performance in the same PP–

henequen system. However, no sensitivity analysis of MAPP content was conducted within 

the present study, and therefore its independent contribution to the mechanical response 

cannot be isolated. 

In addition, neat PP specimens were tested under identical conditions to provide a 

reference baseline. Results are reported as mean values ± standard deviation. 

 

Correlation between Flexural Modulus and Cel, CI and MFA 
Based on previous work (Seculi et al. 2025), a predictive linear equation was 

derived to estimate the intrinsic flexural modulus. This methodology involves a regression 

analysis that correlates the modulus with a combined factor of cellulose content, 

crystallinity index (CI), and MFA. The dataset used to generate this model comprises both 

proprietary experimental results and data harvested from literature. The equation was 

defined as, 
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𝛿 = 𝐶𝑒𝑙 ∙ 𝐶𝐼 𝑀𝐹𝐴⁄   (2) 

Due to morphological constraints, specifically fiber length, this correlation was not verified 

for wood-based or recycled fibers. 

 
Micromechanics Models 
Modified rules of mixtures 

Short fiber composites were modeled according to a modified rule of mixtures 

(mRoM) to predict their mechanical properties (Fukuda and Chou 1982; Korabel’nikov 

and Rashkovan 2006), as given by Eq. 3, 

𝐸𝑓
𝐶 = 𝜂𝑒 · 𝐸𝑓

𝐹 · 𝑉𝐹 + (1 − 𝑉𝐹) · 𝐸𝑓
𝑀  (3) 

where 𝐸𝑡
𝐶, 𝐸𝑡

𝐹 and 𝐸𝑡
𝑀 represent the flexural moduli of the composite, reinforcement, and 

matrix, respectively. The volume fraction of the reinforcement is 𝑉𝐹, and 𝜂𝑒 is an 

efficiency factor. The efficiency factor should be 1 in an ideal composite, so the closer it 

is to 1, the higher will be the contribution of the reinforcements to the flexural modulus of 

the composite. This efficiency factor is the product of a length efficiency factor (𝜂𝑙) by an 

orientation factor (𝜂𝑜), being 𝜂𝑒 = 𝜂𝑙 · 𝜂𝑜. 

A Fiber Flexural Modulus Factor (FFMF) is described as the slope of the regression 

line derived from the contributions of the fibers at different contents (Espinach et al. 2013), 

shown in Eq. 4. 

𝐹𝐹𝑀𝐹 =
𝐸𝑓

𝑐−(1−𝑉𝐹)·𝐸𝑓
𝑀

𝑉𝐹 = 𝜂𝑒 · 𝐸𝑓
𝐹  (4) 

The modified rule of mixtures introduces two unknowns, 𝐸𝑓
𝐹 and 𝜂𝑒, which require 

additional modeling to resolve. 

 

Hirsch’s model 

The intrinsic properties of the fiber were determined by the use of Hirsch’s model, 

following successful precedents in the literature (Hirsch 1962; López et al. 2011; Espinach 

et al. 2015): 

𝐸𝑓
𝐶 = 𝛽 · (𝐸𝑓

𝐹 · 𝑉𝐹 + 𝐸𝑓
𝑀 · (1 − 𝑉𝐹)) + (1 − 𝛽) ·

𝐸𝑓
𝐹·𝐸𝑓

𝑀

𝐸𝑓
𝑀·𝑉𝐹+𝐸𝑓

𝐹·(1−𝑉𝐹)
  (5) 

where 𝛽 is an efficiency factor related to orientation and the load transfer between fibers 

and the matrix. For short semi-aligned fibers reinforced composites, 𝛽 is typically 0.4 

(Kalaprasad et al. 1997). When 𝐸𝑓
𝐹 is defined, 𝜂𝑒 can be obtained by using the mRoM (Eq. 

4). 

 

Tsai and Pagano model and Halpin Tsai equations 

The Tsai and Pagano model, along with the Halpin and Tsai equations (Tsai et al. 

1968; Kalaprasad et al. 1997; Raju and Shanmugaraja 2021), predict the intrinsic flexural 

modulus of the fiber from experimental data. The Tsai and Pagano model is formulated as, 

𝐸𝑓
𝐶 =

3

8
· 𝐸11 +

5

8
· 𝐸22  (6) 

where 𝐸11 and 𝐸22 are the longitudinal flexural modulus and the transversal flexural 

modulus, respectively. The Halpin and Tsai for these moduli are,  
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𝐸11 =
1+2·(

𝑙𝐹

𝑑𝐹)·𝜂𝑙·𝑉𝐹

1−𝜂𝑙·𝑉𝐹 · 𝐸𝑓
𝑀  (7) 

𝐸22 =
1+2·𝜂𝑡·𝑉𝐹

1−𝜂𝑡·𝑉𝐹 · 𝐸𝑓
𝑀  (8) 

where the parameters 𝜂𝑙 and 𝜂𝑡 are defined as follows, 

𝜂𝑙 =

(
𝐸𝑓

𝐹

𝐸𝑓
𝑀)−1

(
𝐸𝑓

𝐹

𝐸𝑓
𝑀)+2·(

𝑙𝐹

𝑑𝐹)

  (9) 

𝜂𝑡 =

(
𝐸𝑓

𝐹

𝐸𝑓
𝑀)−1

(
𝐸𝑓

𝐹

𝐸𝑓
𝑀)+2

  (10) 

where 𝑑𝐹 is the reinforcements’ mean diameter. 

 

Nielsen’s modification 

The Nielsen model refines the Halpin and Tsai equations by introducing a new 

parameter (𝜓), as follows: 

𝐸11 =
1+2·(

𝑙𝐹

𝑑𝐹)·𝜂𝑙·𝑉𝐹

1−𝜓·𝜂𝑙·𝑉𝐹 · 𝐸𝑓
𝑀  (11) 

𝐸22 =
1+2·𝜂𝑡·𝑉𝐹

1−𝜓·𝜂𝑡·𝑉𝐹 · 𝐸𝑓
𝑀  (12) 

where 𝜓 is defined by: 

𝜓 = 1 +
(1−𝜙𝑚𝑎𝑥)

𝜙𝑚𝑎𝑥
2 · 𝑉𝐹  (13) 

For a square distribution of fibers, 𝜙𝑚𝑎𝑥 is typically 0.785 according to the 

literature (Sudheer et al. 2015; Alhijazi et al. 2021). 

 
 
RESULTS AND DISCUSSION 
 
Fiber Content Effect on Flexural Properties 

PP-based composites containing 20 to 50 weight percent (wt.%) of HS were 

synthesized and evaluated. Table 1 presents a comparison between the fiber volume 

fraction (𝑉𝐹) and the flexural modulus (𝐸𝑓
𝐶) of the HS-reinforced PP composites. A positive 

correlation was observed between the HS content and the flexural modulus of the 

composites. The highest flexural modulus recorded was 3.75 GPa, which was achieved 

with the incorporation of 50 wt.% HS. This represents a 3.3-fold improvement compared 

to the unreinforced PP matrix. Composites with HS content exceeding 50 wt.% were not 

investigated due to increased attrition phenomena, which significantly reduced the mean 

length of the fibers, thereby diminishing their reinforcing and stiffening capabilities 

(Pickering et al. 2007). Furthermore, above 50 wt.% fiber content, natural fiber–PP 

composites typically exhibit a pronounced increase in melt viscosity and a corresponding 
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drop in melt flow index, which severely hinders mold filling and renders injection molding 

impractical under standard processing conditions (Maurya and Manik 2023). 

 

Table 1. Flexural Modulus of PP Composites Reinforced with HS, with a 4% 
Content of MAPP 

Samples 𝑉𝐹 𝐸𝑓
𝐶  (GPa) 𝜀𝑓

𝑐 (%) 𝐸𝑓
𝐹 (GPa) 

PP 0 1.15 ± 0.02 6.6 ± 0.03  

PP + 20% Henequen + 4%MAPP 0.133 2.05 ± 0.11 5.0 ± 0.05 16.3 

PP + 30% Henequen + 4%MAPP 0.208 2.65 ± 0.15 4.3 ± 0.07 17.2 

PP + 40% Henequen + 4%MAPP 0.290 3.15 ± 0.12 2.8 ± 0.16 16.2 

PP + 50% Henequen + 4%MAPP 0.379 3.75 ± 0.18 2.1 ± 0.04 15.8 

 

In addition to fiber attrition, very high fiber loadings typically limit matrix 

availability for full wetting and impregnation; thus, beyond ~50 wt.% the system may 

approach a processing/packing threshold where agglomeration and fiber–fiber contacts 

begin to penalize the effective stiffness despite the higher 𝑉𝐹(Gassan and Bledzki 1998). 

These findings align with existing literature on natural fiber-reinforced composites, which 

predict an increase in stiffness and a reduction in deformation capacity as fiber content 

rises (Ku et al. 2011). This indicates an increase in brittleness and hardness of the 

composites. Consistently, the fracture mode is observed to transition from ductile matrix-

dominated failure in neat PP to a more brittle, fiber-dominated response in the composites, 

with a gradual substitution of interfacial debonding/pull-out by fiber breakage as 𝑉𝐹 

increases (Bourmaud and Baley 2009). 

The flexural modulus exhibited a linear relationship with the fiber volume fraction 

𝑉𝐹, described by the regression equation 𝐸𝑓
𝐶 = 6.89𝑉𝐹 + 1.16, with a coefficient of 

determination (R2) of 0.99. This linear behavior suggests effective dispersion of the 

reinforcement fibers during compounding (Joseph et al. 1993). The near-unity linearity is 

also consistent with rule-of-mixtures expectations for well-coupled, short-fiber 

thermoplastic composites, further supporting that the interphase created by MAPP is 

contributing to efficient load transfer rather than being the limiting factor (Doan et al. 

2006). As anticipated, strain at break is negatively correlated with fiber volume fractions; 

higher volume fractions result in an increased presence of a stiffer and more brittle phase 

within the composite. Consequently, the fracture mechanism transitions from ductile in the 

matrix to brittle in the composites. The monotonic decline of 𝜀𝑓
𝑐  without evidence of a 

plateau suggests that interfacial debonding does not dominate; instead, the reinforcement 

network increasingly constrains plastic deformation of PP, which explains the marked drop 

from 6.6% (neat PP) to 2.1% at 𝑉𝐹 = 0.379. 

Intrinsic flexural modulus estimations obtained via the Hirsch model indicate that 

the addition of fiber did not significantly impact this property, as expected for a 

fundamental property, yielding an average value of 16.4±0.6 GPa. Since micromechanical 

models estimate the effective contribution of the reinforcement within the composite rather 

than the actual intrinsic modulus of isolated fibers, the obtained values should be 

interpreted as lower-bound estimations of the intrinsic flexural modulus. Consequently, the 

real intrinsic modulus of henequen fibers is expected to be equal to or higher than the values 

predicted by the models. Previous studies have shown that the flexural modulus of natural 

fiber composites had the same behavior (Herrera-Franco and Valadez-González 2004).  

The slight reduction of the apparent fiber modulus at the highest  
𝑉𝐹 value (from ~17.2 to ~15.8 GPa) can be rationalized by incipient fiber crowding and 
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imperfect impregnation at very high loadings, which would marginally reduce the effective 

efficiency factor even under adequate chemical coupling (Fu et al. 2000; Pickering et al. 

2007). 

 

Fiber Contribution to Flexural Modulus 
The linear relationship between the composites Young’s modulus and fiber content 

permits the use of linear models such as a modified Rule of Mixtures (mRoM). This model 

is employed to determine the contribution of the reinforcement to the flexural modulus of 

the composite materials as function of the fiber content. Figure 4 illustrates the contribution 

of the HS to the flexural modulus of the composites and provides the linear regression lines, 

where the slope represents the fiber Flexural Modulus factor (FFMF) (y=8.0677x with a 

R2=0.9998). The high linearity confirms a consistent stiffening effect of the fibers within 

the studied fiber content range and validates the applicability of the mRoM for these 

systems The FFMF is an effective indicator of the stiffening efficiency of fibers under 

bending loads and is commonly employed for comparative purposes among different fiber–

matrix systems. 

 

 
Fig. 4. HS contribution to the flexural modulus against fiber volume fraction 

 
The FFMF of HS as PP reinforcement was determined to be 8.0677, which is lower 

than the Fiber Tensile Modulus Factor (FTMF) of 14.426 obtained for the same 

reinforcements in previous research (Espinach et al. 2022). This difference is commonly 

attributed to the non-uniform stress distribution inherent to flexural loading, where only a 

fraction of the fibers reaches maximum stress, resulting in a reduced effective contribution 

compared to uniaxial tensile loading.  

The obtained FFMF value can be compared with other polypropylene-based 

composites reinforced with different materials reported in the literature. The FFMF of 

cotton fiber uncoupled and coupled reinforced PP composites were 9.43 and 8.71, 

respectively (Serra et al. 2019), and the FFMF of hemp fiber-reinforced PP was 8 (Hao et 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Seculi et al. (2026). “PP henequen MAPP composites,” BioResources 21(3), 8226-8248.  8236 

al. 2020). These results indicate that HS provides stiffening efficiency under flexural 

loading like that of cotton and hemp fibers, producing comparable increases in composite 

flexural modulus for equivalent fiber volume fractions. This reinforces the suitability of 

HS as an effective natural reinforcement for PP composites when stiffness-driven design 

requirements are considered. 

 
Determination of the Maximum Strain at Break of Henequen 

The theoretical maximum strain at break of the Henequen was determined through 

extrapolation from Fig. 5, taking into consideration that the maximum value is found in the 

value closest to the length value 0 mm.  

The value obtained by extrapolating the regression line graphically expressed in 

Fig. 5 is 8%. This extrapolated strain at break (ε = 8%) represents the idealized deformation 

of an “infinitely short” or defect-free segment of the fiber, i.e., the theoretical upper limit 

before the influence of gauge-length-dependent flaw activation. The decreasing trend of 

strain with increasing fiber length is fully consistent with Weibull statistics, where longer 

fibers have a higher probability of containing critical flaws, thus lowering their effective 

tensile deformation capacity (Harikrishnan et al. 2018). The linear degradation observed 

here (≈ –0.46 % per ¼″) suggests a uniform flaw distribution along the fiber, indicating 

that the structure of henequen bundles behaves mechanically as a quasi-brittle, 

defect-controlled natural fiber. 

 

 
 

Fig. 5. Graphical representation of the strain at break versus single henequen fiber length 

 

MFA Definition 
In a previous work, a quadratic expression was defined to obtain the MFA of a 

natural fiber by introducing the 𝜀 of the fiber (Seculi et al. 2025), which was based on the 

quadratic expression found by Satyanarayama (Satyanarayana et al. 1982). This modified 

Satyanarayana equation allows for determining the MFA of the Henequen by introducing 

𝜀 for a length equal to 0 mm, and is represented as follows: 

𝑀𝐹𝐴 = −7.3832 + 4.4838𝜀 −
9.19

100
𝜀2  (14) 

The value obtained from this equation was MFA = 22.8°. 
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This MFA value (≈23°) is characteristic of moderately stiff lignocellulosic fibers 

and is fully compatible with the 8% intrinsic strain previously estimated. A lower MFA 

would typically yield higher stiffness and reduced strain-at-break, whereas a higher MFA 

(>30°) would shift the fiber towards a more extensible but less stiff profile (Königsberger 

et al. 2023). The internal consistency between ε = 8% and MFA ≈ 23° therefore strongly 

suggests that the molecular orientation of the cellulose microfibrils in henequen is 

optimized for a balanced ductile–stiff mechanical profile, characteristic of hard fibers used 

in cordage and composites applications (Abraham and Elbaum 2013). 

Moreover, the MFA obtained aligns with the typical range reported for Agave fibers 

(≈18–25°) (Gebretsadik et al. 2023), which supports the reliability of the interpolation–

extrapolation method employed to derive ε (0 mm). The smooth curvature of the 

Satyanarayana equation in this zone also indicates that the MFA result is not particularly 

sensitive to small errors in extrapolated strain, reinforcing the robustness of the calculation. 

 

Relation between CI, %Cel, and MFA 
Once the MFA of Henequen is defined, authors proceeded to establish the value of 

the relation between CI, %Cel, and MFA. This correlation was resolved in a previous work 

(Alonso-Montemayor et al. 2023), where it was expressed with Eq. 2. 

The value of the content of cellulose of henequen was determined in a prior study 

(Tarrés et al. 2019), with % Cel=68.1. The crystallinity index of the fibers was determined 

by X-ray diffraction (XRD). Using this approach, a crystallinity index of 0.57 was 

obtained. Introducing these values into the equation, a value of 𝛿=1.72 was determined. 

This value provides a meaningful integrative metric of fiber quality by condensing 

structural (CI), chemical (%Cel), and microstructural (MFA) parameters into a single 

descriptor. A relatively high δ is consistent with fibers presenting high cellulose content, 

significant crystalline fraction, and low-to-moderate MFA, all three of which are known 

contributors to reinforcing efficiency in polymer composites (Königsberger et al. 2023). 

A δ value around 1.7 is particularly notable because it aligns with the mechanical 

performance previously calculated (𝐸𝑓
𝐹 ≈ 16 to 17 GPa in composites), confirming that the 

intrinsic structural attributes of henequen, especially its crystallinity and microfibrillar 

orientation, are fully coherent with the stiffening observed experimentally. 

Finally, δ acts as a predictor of composite performance: higher δ typically correlates 

with higher modulus and lower deformation in the composite phase. The fact that δ, MFA, 

and ε were mutually consistent here suggests that HS possess an advantageous combination 

of crystallinity and orientation that explains both the linear reinforcement behavior 

observed in PP composites and the strong dependence of failure strain on fiber length. 

 
Prediction of the Composite Flexural Modulus 

Once the intrinsic flexural modulus of the henequen was established, the authors 

used the Hirsch model to predict the flexural modulus of the composite comprising 20 to 

50 wt.% of HS. The values are shown in Table 2. For the subsequent Hirsch predictions, a 

value of 16.2 GPa was selected as a conservative estimate within the range obtained from 

the micromechanical analysis. 
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Table 2. Flexural Modulus of PP Composites Reinforced with HS, with a 𝐸𝑓
𝐹=16.2 

GPa Calculated by Hirsch Model 

Samples 𝑉𝐹 𝐸𝑓
𝐶  (GPa) 𝐸𝑓

𝐶  (GPa)-Exp 

PP 0 1.15 ± 0.02 1.15 ± 0.02 

PP + 20% Henequen  0.133 2.048 2.05 ± 0.11 

PP + 30% Henequen  0.208 2.567 2.65 ± 0.15 

PP+ 40% Henequen  0.290 3.150 3.15 ± 0.12 

PP + 50% Henequen  0.379 3.807 3.75 ± 0.18 

 

When comparing the experimentally obtained values with those predicted by the 

model, the results demonstrate a high degree of concordance, with only minimal significant 

variations. This indicates that the prediction model is robust and reliable for determining 

the flexural modulus of a composite material based on the known composition of the 

natural fiber (Khan et al. 2025). 

Furthermore, the close match between predicted and experimental moduli strongly 

suggests that the intrinsic fiber stiffness used as input in the Hirsch model (𝐸𝑓
𝐹 =16.2 GPa) 

is representative of the real stiffening ability of HS within the PP matrix. The highest 

deviation (3%) appears at 𝑉𝐹 = 0.208 to 0.379, which is within the typical scatter of natural-

fiber reinforced composites and consistent with small variations in packing, fiber–fiber 

interactions, or local orientation effects during processing (Gholampour and Ozbakkaloglu 

2020).  

It is also relevant to note that the Hirsch model successfully captured the transition 

from matrix-dominated behavior at low 𝑉𝐹 to fiber-dominated behavior at higher 𝑉𝐹. The 

slope of the predicted curve increased progressively with 𝑉𝐹, mirroring the experimental 

linear trend and reinforcing the conclusion that the mechanical behavior of PP–HS 

composites is governed largely by the fiber modulus and its volume fraction. 

Additionally, the fact that the predicted modulus at 𝑉𝐹 = 0.379 (3.807 GPa) slightly 

exceeded the experimental value (3.75 GPa) is physically meaningful: at high fiber 

loadings, processing-induced defects such as incomplete wetting, small fiber agglomerates 

and reduced matrix continuity can marginally decrease the experimental stiffness relative 

to the idealized model (Alhijazi et al. 2020). This behavior is common in natural fibers due 

to lumen collapse, surface roughness variability, and fiber length attrition during 

compounding. The smoothness of the model–experiment discrepancy curve indicates that 

these microstructural imperfections do not drastically affect the global mechanical 

response, reinforcing the robustness of the micromechanical assumptions used in the 

calculation. 

 
Determination of Flexural Modulus Range of the Composite 

Considering that the most common values for the modulus efficiency factor (𝜂𝑒) 

ranges between 0.45 and 0.55, the flexural modulus of the composite material was 

calculated using different contents of HS ranging from 20 to 50 wt.%. Calculations were 

performed using both efficiency factor values to create what can be referred to as a common 

value range, within which the flexural modulus is expected to lie. These values are 

presented in Table 3. 
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Table 3. Flexural Modulus of the Composites with ηe=0.45 and ηe=0.55 

Samples 𝑉𝐹 𝐸𝑓
𝐶  (GPa) 𝐸𝑓

𝐶  (GPa) 

PP 0 1.15 ± 0.02  

PP + 20% Henequen  0.133 1.96662 2.18208 

PP + 30% Henequen  0.208 2.42712 2.76408 

PP+ 40% Henequen  0.290 2.9306 3.4004 

PP + 50% Henequen  0.379 3.47706 4.09104 
 

 
Fig. 6. Range of values of the flexural modulus of the composite by the four different methods 
explored 

 

In Fig. 6, the flexural modulus values calculated using the modified rule of mixtures 

(mRoM) are shown, with 𝜂𝑒  values of 0.45 and 0.55 determining the expected minimum 

and maximum values (Atmakuri et al. 2025). The experimentally obtained values, as well 

as those obtained with the prediction model developed by the authors, fell within this range. 

This agreement demonstrates that the mRoM envelopes generated with 𝜂𝑒 = 0.45 

and 𝜂𝑒 = 0.55 effectively bracketed the real mechanical response of the PP–HS composite 

system. The lower bound (𝜂𝑒 = 0.45) corresponds to conditions where fiber alignment, 

effective aspect ratio and spatial distribution are less favorable, whereas the upper bound 

(𝜂𝑒 = 0.55) reflects morphologies characterized by longer, better oriented fibers and 

reduced fiber–fiber interactions. That the experimental data fell consistently between these 

two limits confirms that the micromechanical behavior of the composite can be 

quantitatively described through classical short-fiber models without invoking additional 

correction factors (Chahar et al. 2025). 

The proximity of the experimental results to the upper ηₑ = 0.55 boundary at low 

𝑉𝐹 indicates that reinforcement efficiency is maximized at low fiber contents, where 

dispersion is more uniform and geometric constraints such as fiber crowding and 

misalignment are minimized. However, at higher 𝑉𝐹 (≥0.29), the experimental values 

approach the mid-range between both curves, which is consistent with the onset of fiber–

fiber contact, partial fiber misalignment, and reduced matrix continuity. All these 
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phenomena naturally decrease the effective efficiency factor without contradicting the 

fundamental reinforcement trend (Ramachandran et al. 2025). 

The fact that Hirsch-equation predicted values that lie inside the mRoM envelope 

further validates the fiber modulus used in both models and confirms that the composite 

behaviour is strongly fiber-dominated. The convergence of four independent prediction 

paths (𝜂𝑒=0.45, 𝜂𝑒=0.55, Hirsch model, and experimental measurements) is a strong 

indicator that the mechanical performance of this PP–HS system is internally consistent 

and structurally well understood. 

The widening of the modulus range with increasing 𝑉𝐹 (from a spread of 0.22 GPa 

at 𝑉𝐹=0.133 to 0.61 GPa at 𝑉𝐹=0.379) highlights the growing sensitivity of composite 

stiffness to fiber orientation, packing density, and dispersion quality at higher fiber 

loadings. This behaviour agrees with micromechanical consideration, since a higher fiber 

dominance amplifies the effect of slight microstructural imperfections on stiffness, 

resulting in a greater dispersion of 𝜂𝑒 at high 𝑉𝐹. 

Nonetheless, the experimental modulus remained well centered between the two 

prediction curves, showing that even at 50 wt.% HS the PP–MAPP system maintained 

sufficient impregnation and coupling efficiency to avoid a significant drop in reinforcement 

efficiency. This reinforces the conclusion that maximum stiffness values estimated by the 

model represent a realistic upper bound rather than an unattainable theoretical limit. 

 
Comparison of the Composite Flexural Modulus using Different 
Micromechanical Models 

The authors employed three micromechanical models to determine and assess the 

intrinsic flexural modulus of HS: Hirsch, Tsai-Pagano (T-P), and T-P with the modification 

proposed by Nielsen (Table 4). The mean weighted lengths of HS extracted from the 20 to 

50 wt.% composites were 784.2±12.3, 741.9±5.9, 708.1±17.2, and 674.3±7.2 µm, 

respectively. The mean diameters for these fibers were 25.6±0.1, 25.3±0.2, 25.4±0.2, and 

25.5±0.1 µm, respectively. These values correspond to measurements previously reported 

(Espinach et al. 2022), obtained from the same set of composite specimens analyzed in the 

present study. These properties were utilized to apply the Tsai–Pagano model and its 

Nielsen-modified version. 

 

Table 4. 𝐸𝑓
𝐹 values of HS Estimated Using the Models of Hirsch, Tsai-Pagano, 

and Nielsen 

Samples 𝑉𝐹 
𝐸𝑓

𝐶  Hirsch 

(GPa) 

𝐸𝑓
𝐶  T-P 

(GPa) 

𝐸𝑓
𝐶  Nielsen 

(GPa) 

PP + 20% Henequen + 4%MAPP 0.133 16.29 16.36 16.40 

PP + 30% Henequen + 4%MAPP 0.208 17.21 17.22 17.16 

PP+ 40% Henequen + 4%MAPP 0.290 16.65 15.99 15.91 

PP + 50% Henequen + 4%MAPP 0.379 15.81 14.45 14.34 

Mean value   16.49 ± 0.59 16.01 ± 1.16 15.94 ± 1.19 

 

The mean values obtained from the three models were similar, especially when 

considering the range of values influenced by their standard deviations. The highest mean 

value was obtained using the Hirsch model, while the lowest was obtained using the T-P 

Nielsen’s modification model. Figure 7 illustrates that all three models exhibit similar 

behavior with increasing reinforcement content. The authors suggest that these methods 

provide a lower bound for the intrinsic flexural modulus (Park et al. 2010; French and 
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Santiago Cintrón 2013), implying that the actual intrinsic modulus will be equal to or 

greater than the values presented in Table 4. 

 

 
 

Fig. 7. Intrinsic moduli representation of HS obtained by using three micromechanics models 

 

The progressive decrease in the intrinsic modulus estimated by all models as 𝑉𝐹 

increases (particularly evident between 0.208 and 0.379) is physically meaningful. At high 

fiber volume fractions, fiber–fiber contact increases and matrix availability decreases. 

Consequently, complete impregnation of the reinforcement becomes more difficult and 

wetting efficiency may decrease, producing small reductions in the effective contribution 

of individual fibers to the global stiffness (Serra-Parareda et al. 2021; Khan et al. 2025). 

Because the intrinsic modulus in these models is back-calculated from composite behavior, 

any loss of reinforcement efficiency (due to misalignment, uneven dispersion or matrix 

starvation) is reflected as a slight apparent decrease in 𝐸𝑓
𝐹. This explains why the highest 

calculated intrinsic moduli occur at lower 𝑉𝐹, where fibers are more isolated and fully 

engaged, and why values slowly drop at higher fiber loadings. 

The fact that the Hirsch model consistently produces the highest 𝐸𝑓
𝐹 values agrees 

with its theoretical basis: Hirsch combines “parallel” and “series” models and tends to 

return results closer to the upper performance limit for partially aligned fiber systems. 

Tsai-Pagano, on the other hand, explicitly accounts for orientation effects through stiffness 

matrices and therefore predicts slightly lower intrinsic fiber moduli when moderate 

misalignment is present, a realistic scenario in natural-fiber composites (French and 

Santiago Cintrón 2013). 

Nielsen’s modification further reduces the predicted 𝐸𝑓
𝐹 because it incorporates 

packing and porosity effects. In natural fibers, lumen presence and surface irregularities 

decrease the effective stiffness contribution of each fiber in the composite; thus, Nielsen’s 

correction naturally results in the lowest modulus values (Park et al. 2010). This provides 

a more conservative estimate, which is particularly suitable when fibers exhibit significant 

variability in morphology. 

Despite these conceptual differences, the close convergence of all three models 

(within a range of 0.5 to 1 GPa) indicates that the intrinsic modulus of henequen is a 

reproducible and reliable material parameter rather than a model-dependent artifact. This 

convergence is remarkable, considering the heterogeneity of natural fibers. This strongly 
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suggests that micromechanical predictions are not significantly affected by local 

imperfections (Khan et al. 2025) or minor measurement uncertainties in fiber length or 

diameter. 

Furthermore, the decreasing trend of 𝐸𝑓
𝐹 with increasing 𝑉𝐹 supports the hypothesis 

that intrinsic fiber properties remain constant, and that the observed variations arise from 

composite microstructural factors rather than true fiber stiffness changes. This is consistent 

with the mechanical behavior previously reported for henequen, where fiber interactions, 

not intrinsic fiber damage, govern changes in composite modulus. 

Finally, because the Tsai–Pagano and Nielsen approaches explicitly account for 

fiber orientation effects, packing constraints and possible fiber–matrix slip, they tend to 

underestimate stiffness in systems with partial alignment or non-ideal interfaces, and can 

therefore be legitimately interpreted as lower-bound estimates. Likewise, in the present 

work the Hirsch model was applied using a fixed β value (β = 0.4), commonly associated 

with randomly oriented or semi-aligned short-fiber composites. Under these conservative 

assumptions, Hirsch predictions also represent a lower-bound estimate of the intrinsic fiber 

stiffness rather than an upper theoretical limit. 

 
 
CONCLUSIONS 
 
1. The mechanical characterization and micromechanical analysis performed in this work 

indicate that the polypropylene-henequen strands (PP–HS) composites behaved as a 

structurally coherent and internally consistent natural fiber composite, with a 

consistency between experimental data and theoretical predictions. 

2. The intrinsic strain at break extrapolated for HS (ε ≈ 8%) was fully consistent with the 

microfibrillar angle obtained through the modified Satyanarayana model (MFA = 

22.8°). This pairing confirms a molecular architecture typical of hard lignocellulosic 

fibers: moderately aligned microfibrils, significant crystalline contribution, and a 

balanced ductility–stiffness profile. 

3. The structural indicator δ = 1.72, derived from CI, %Cel, and MFA, validated that 

henequen possesses the microstructural traits required for effective reinforcement in 

polymer matrices. The consistency between δ and the micromechanically extracted 

𝐸𝑓
𝐹 (≈16–17 GPa) further supported the robustness of the intrinsic property estimations. 

4. The flexural modulus of the composite increased linearly with fiber content (R² = 0.99), 

in agreement with efficient fiber dispersion and a well-defined transition from 

matrix-dominated to fiber-dominated behavior as 𝑉𝐹 increases. The progressive 

reduction in strain at break was compatible with this transition. 

5. The Micromechanical models (Hirsch, Tsai-Pagano, and Nielsen) provided consistent 

estimations of 𝐸𝑓
𝐹. The slight divergence observed at high 𝑉𝐹 was associated with 

increasing influence of fiber interactions, imperfect alignment and matrix availability, 

which affect the effective stiffness of the composite. 

6. The Hirsch model showed strong concordance with experimental results and provided 

a reliable estimation of the intrinsic fiber modulus, while the mRoM using 𝜂𝑒=0.45-

0.55 defined an accurate stiffness range within which both experimental data and model 

predictions consistently fell. 
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7. Overall, the combination of experimental testing, micromechanical modelling and 

microstructural interpretation indicates that HS are suitable as reinforcement in PP 

matrices and that the predict models used in this study describe the composite flexural 

behavior across the full range of fiber contents. 
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