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Highlights

What are the main findings?

e  The mechanical properties of ten different natural textiles were compared after an
all-natural protective treatment referred to as “hornification” process.

e  Hornification-induced changes in the fiber morphology were found by using a Scan-
ning Electron Microscope (SEM).

What are the implications of the main findings?

e After 1 to 5 hornification cycles, some fibers like banana, henequen, coir and sisal
increased their strength.

e The results of this study represent a promising starting point for future evalua-
tions regarding the integration of natural fibers in innovative and fully sustainable
composite materials.

Abstract

In the last decades, composite materials made of synthetic fibers embedded in organic or
inorganic matrices have been successfully used for strengthening reinforced-concrete and
masonry buildings. The scientific community is currently discussing the low sustainability
of these materials and their environmental impact due to the production process, the
life cycle, and the generation of potentially harmful waste. In this context, the use of
natural textiles represents a promising solution, alternative to conventional synthetic fibers,
aimed at designing an innovative composite material obtained from renewable resources
with no energy consumption and greatly reducing the impact of building activities on the
environment. In this paper, an experimental assessment of ten different natural textiles is
presented in order to compare their mechanical properties for possible use in innovative,
eco-friendly composite materials. Mechanical tensile tests were performed on the ten
different textiles before and after an all-natural protective treatment referred to as the
“hornification” process. Treatment-induced changes in the fiber morphology were also
analyzed using a scanning electron microscope (SEM), which provided high-resolution
images of the surface and cross-sectional area of the fibers. Considering that the current
demand for sustainable building materials capable of ensuring a greener future for the
construction industry is on the rise, the promising results obtained in this study could be
useful to the academic community and building industry.
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1. Introduction

In recent decades, composite materials have been successfully used for the struc-
tural retrofitting of existing buildings. FRPs (Fiber-Reinforced Polymers) represented a
first valid alternative to well-known techniques traditionally based on metal devices or
reinforced-concrete insertions [1]. FRPs have shown great effectiveness at strengthening
both reinforced-concrete [2] and masonry [3-5] structures, thanks to the high-strength
carbon fibers embedded in a polymeric matrix. However, FRPs also highlight some draw-
backs, such as the low compatibility with traditional materials, the sensitivity to high
temperatures, and the reduced breathability, which compromise their suitability for the
restoration of historic buildings [6].

Therefore, to overcome these critical issues, the first thought was to replace the
epoxy resin with an inorganic matrix, and new composite materials, called TRMs (Textile-
Reinforced Matrices), were conceived. TRMs consist of high-strength fabric—such as glass,
carbon, basalt, or PBO (Polybenzoxazole)}—embedded in an inorganic lime-based mortar
matrix (FRLM, Fiber-Reinforced Lime Matrix) or cement-based mortar matrix (FRCM,
Fiber-Reinforced Cementitious Matrix). Compared to FRPs, TRM composites provide
greater compatibility with historic substrates, offering less invasive and more suitable
solutions for the conservation of the masonry building heritage. Numerous studies avail-
able in the scientific literature confirm the effectiveness of TRMs in the strengthening of
masonry members, including vaults [7], arches both at the intrados [8] and extrados [9],
columns [10,11], and panels [12,13].

TRMs ensure a good bond performance because the sliding basically occurs at the
fiber-matrix interface and the historic masonry substrate is preserved from the peeling
phenomenon [14]. Several experimental results concerning the bond property of TRM
composites obtained by different test setups are available in the literature [15-18].

However, despite the abovementioned advantages, TRMs also have some critical
environmental issues related to the use of synthetic or mineral fibers, of which production,
disposal, and end-of-life management are characterized by high-energy consumption. In
this context, current innovative research is therefore moving towards the use of more
sustainable components, with the aim of reducing the environmental impact of composite
materials without compromising their structural performance.

Today there is a growing interest in the use of TRM composites assembled with natural
fibers as an alternative to synthetic ones. As is known, natural fibers can be divided into
three main categories based on their origin: animal, vegetable, and mineral [19]. Plant-
based fibers are completely green, and, in fact, they are derived from renewable resources
with a sustainable life cycle, as they are able to absorb more CO; than they emit during their
production. This makes them particularly attractive in terms of reducing the ecological
footprint of building materials.

Recently, the use of natural plant-derived fibers for composite materials has attracted
growing interest in both commercial and academic circles for its positive effect in the field
of environmental sustainability and energy efficiency [20]. However, although successfully
used in structural reinforcement, the scientific investigations are rather limited. Only a few
results are available [21], and they are basically focused on fibers of hemp [22], flax [23],
jute [24], and sisal [25].
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Furthermore, the few comparative analyses available in the literature [26,27] show
conflicting data. A comparison between the mechanical performances of different fibers
appears to be a complex challenge. The first problem is associated with the assemblage of
natural fibers into composite materials due to their hydrophilic capacity, i.e., their tendency
to absorb water and, as a result, increase in volume. This behavior is due to the presence of
hydroxyl groups (-OH) in cellulose, hemicelluloses, and lignin, i.e., the main constituents of
natural fibers. These functional groups establish a strong net of hydrogen bonds between
the different macro-molecules [28,29] and, when natural fibers are exposed to moisture,
water interferes with these internal bonds, causing new hydrogen bonds between hydroxyl
groups and water molecules. This process induces significant swelling of the fibers and
shrinkage during the drying or curing process and, in the case of natural fibers embedded
in a lime or cement mortar matrix, it generates a progressive loss of adhesion between
the fiber and the mortar matrix. In this case, the formation of cracks and reductions in
mechanical properties and durability can be expected [25,30,31].

Hydrophilicity is a significant challenge for the use of plant fibers in composite ma-
terials. Some investigations available in the literature have analyzed and compared the
effectiveness of different strategies to optimize the integration of natural fibers into com-
posite materials. The common and diffused approach involves the application of surface
coatings to create a protective membrane in order to reduce moisture absorption and
preserve the integrity of the fibers over time.

The coatings of jute and sisal fibers with styrene-butadiene rubber (XSBR) show an
improvement in tensile strength [32], while the use of waterborne polyurethane (WPU) [33]
and polyurethane enriched with graphene nanoparticles [34] shows a general improve-
ment in the mechanical properties of natural fibers. Another study, conducted by Menna
et al. [35], analyzed the influence of epoxy-impregnated hemp textiles in FRCM composites,
highlighting a significant increase in their mechanical performances.

The application of polymer-based coatings to protect natural fibers improves their
tensile strength and fiber-to-matrix adhesion (due to the reduced water absorption) while
compromising the main environmental benefits of using natural fibers, i.e., their biodegrad-
ability, renewability, and zero-energy consumption.

In order to favor low-impact and environmentally friendly solutions, it is possible to
adopt a specific treatment known as the “hornification” process. The hornification process
is a physical treatment applied to lignocellulosic fibers, consisting of repeated drying and
rewetting cycles, aimed at modifying their internal structure and improving the mechanical
stability and structural performance [36,37]. During these cycles, the removal and sub-
sequent reabsorption of water induce irreversible structural rearrangements within the
cellulose microfibrils, leading to reductions in porosity and lumen size. These microstruc-
tural modifications result in a lower water absorption capacity, an increase in stiffness, and,
in some cases, an improvement in tensile strength, depending on the chemical composition
of the fiber and its lignin content.

In some cases, hornification can be combined with chemical treatments to enhance
its effectiveness. Treatments with chemical agents, such as those used in alkalinization
processes or solvent washing, compromise the mechanical properties and adhesion of
natural fibers to composite materials. As a result, the ecological characteristics of the
final composite material are severely reduced, affecting the environmental impact of the
production process and generating potentially harmful waste and residues. For this reason,
among the available treatment techniques, the hornification process emerges as the most
promising, allowing for a significant increase in the mechanical performance and durability
of the natural textile without resorting to harsh chemicals.
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In this study, the mechanical properties of the main natural fibers available on the
world market were compared. Tensile tests were carried out on untreated fibers and, after
the hornification process, tests were repeated to assess the effect of such a process on the
mechanical properties of the fibers. Treatment-induced changes in the fiber morphology
were qualitatively analyzed using a scanning electron microscope (SEM), which provided
interesting insights into the effectiveness of the applied treatments [38].

In detail, the SEM provided high-resolution images of the surface and cross section of
the fibers, allowing the following structural and morphological changes to be observed:
roughness, fractures, and deformations.

The experimental data allowed for the identification of the type of fiber with the best
mechanical properties before and after the hornification process. The final results and
considerations could be useful for both engineering practice and future academic research
referring to the design of fully sustainable and compatible composite materials.

This paper is organized as follows: In Section 2 the natural fibers analyzed are listed
and described as a function of their components, origin, and size; Section 3 describes the
experimental program; finally, Sections 4 and 5 are dedicated to the discussion of the results
and the conclusions, respectively.

2. Materials and Methods

Natural vegetal fibers are composed of fibrous bundles whose main components are
cellulose, hemicellulose, lignin, and pectin. These components determine the mechanical,
physical, and chemical properties of the fibers. Pectin acts as a binder for the elementary
micro-fibers that comprise the fibrous bundle. Elementary fibers are mainly composed
of cellulose, organized into microfibrils with a highly crystalline and ordered structure.
Hemicellulose, characterized by a less regular structure, is woven between the cellulose
microfibrils, creating a three-dimensional network that restricts their movements. Lignin is
a hydrophobic polymer deposited in the interfibrillar spaces and provides rigidity to the
structure [39,40].

In more detail, the mechanical strength of fibers depends essentially on the cellulose
content. The presence of cellulose ensures high strength, while an excess of lignin con-
tent compromises flexibility and makes the fibers more brittle [41,42]. In addition, a key
parameter is the fibrillar angle, that is, the inclination of the microfibrils with respect to
the longitudinal axis (Figure 1) of the fiber: the smaller the angle, the higher the tensile
strength [37,43].

randomly oriented helically arranged,
network of cellulose parallel cellulose

microfibrils microfibrils

amorphous region
mainly consisting
of lignin and
hemicellulose

cellulose

_____________ microfibrils
M fibrous bundle Epw  Esw-S1 Hlumen [0 axis of the fiber
[ elementary fibers Esw-S2 [ fibrillar angle
sw-S3
() (b) (©)

Figure 1. (a) SEM image of the cross section of a sisal fiber (scale bar = 1 mm), (b) structure of the
elemental fibers (pw: primary wall; sw: secondary wall), and (c) the relationship between the fiber
axis and the cellulose microfibrils (microfibril angle).



Fibers 2025, 13, 148

50f 20

In this study, ten types of natural fibers—among the most widespread on the market—
were analyzed and mechanically tested. All the fibers were achieved in the form of rolls and
specimens hand-assembled in the laboratory. Their main components and the correspond-
ing content percentages as available in the literature are reported in Table 1 [37,44—48].

Table 1. Compositions of the tested natural fibers.

Fibers Cellulose Hemicellulose Lignin Microfibrillar/Spiral
(%) (%) (%) Angle (Degree)
Banana 64 20 5 -
Hemp 70-74.4 17.9-22.4 3.7-6 6.2
Coir 3142 10-20 4046 -
Cotton 82.7-95 2-5.7 0.7-1.6 -
Henequen 75-77 4-8 13-14 -
Jute 61-74.4 13.6-20.4 12-13 8.0
Flax 70-73 18-20.6 2-2.2 10.0
Ramie 68-76.2 13-16.7 0.6-1 7.5
Raffia 53 13 24 -
Sisal 60.5-78 10-25.7 8.0-12.1 20

The fibers analyzed in this study have different origins. Within the set of fruit fibers,
coconut fiber was selected and examined in detail. It is obtained from the fibrous husk that
surrounds the fruit of the plant. Cotton is a fiber obtained from the protective coating of
the seeds through ginning and cleaning processes.

Flax, hemp, and jute are stem fibers extracted through a retting process which allows
for the separation of the fibers from the woody components. Other stem fibers considered
in this research include banana and ramie fibers.

Among the leaf fibers, sisal and henequen were analyzed. Their processing involves
mechanical decortication, aimed at separating the fibers from the vegetal pulp of the leaves.
Finally, among the leaf fibers, raffia was also tested.

Table 2 reports the types of plants, geographic origins, diameters, weights, and den-
sities of the ten fiber typologies tested in the experimental campaign. The density was
calculated through the following formula:

A

p=a_pP 1

where A is the mass in air (g); B is the mass in liquid (g); and py, is the density of the
immersion liquid (g/cm?).

Table 2. Properties of the natural fibers under investigation. The value of the standard variation is in
italics, and the coefficient of variation is in parenthesis.

. . . Diameter Weight Density
Fibers Plants Origin (mm) (g/m) (g/cm®)
N . 1 0.67 1.35
Banana Musa textilis India 0.09 (0.092) 0.31 (0.467) 0.13 (0.096)
Hem Cannabis sativa Spain 2 2:30 1.32
P P 0.19 (0.094) 0.33 (0.142) 0.06 (0.049)
Coir Cocos nucifera Sri Lanka 3 4.17 12
0.31 (0.101) 0.28 (0.068) 0.08 (0.067)
. . 3 2.50 1.55
Cotton Gossypium India 0.19 (0.061) 0.16 (0.062) 0.05 (0.032)
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Table 2. Cont.

e mes  omn g U Ry
Henequen Agave fourcroydes Mexico 0.4 (%.121) 0.331('8%3237) o 11(_24).5079)
Jute Corchorus capsularis Bangladesh 0.29 (%. 099) 0.161(.81)98) 0.041(-31)29)
Flax Linum usitatissimum Netherlands 0.34 (%. 166) 0,08()&(7).6101) 0'071(-3%049)
Ramie Girardina diversifolia Nepal 0.33 (%).330) 0.080('3.9165) 0'041(‘3?031)
Raffia Raphia farinifera Madagascar 0.192(65.077) 0.090{89146) 0.020('(7J.5026)
Sisal Agave sisalana Brazil 0 402(65159) 0 062{87()23) 0 041(35027)

2.1. Hornification Process

Hornification is an environmentally friendly treatment that uses natural materials and
does not produce waste. It consists of a series of wetting and drying cycles carried out until
the fibers reach full saturation [28]. This process reduces the sensitivity of natural textiles to
moisture while increasing their mechanical performance by promoting interfacial bonding.

The hornification process was performed at the Laboratory of Materials and Structures
of the University of Florence (Italy). Water absorption tests were conducted to determine,
for each type of fiber, the time required for complete saturation. All tests were performed
at room temperature (18 °C; 53% humidity), without any preliminary drying treatment of
the fibers. Each fiber specimen was 50 x 50 mm? and consisted of 5 warp and weft multifil-
aments. After measuring the initial dry weight (Wdryo), the specimens were immersed in
containers filled with water and weighed at regular intervals of 15 and 30 min. The testing
process continued for a total of 180 min (Wyet'??), during which the specimen weight was
monitored to identify the point of maximum saturation (Wyet™®), i.e., when no further
weight increase was observed [49].

The maximum absorption capacity (WA) of each fiber was calculated using the
following equation:

Y
WA =2 74 100(%) )

where W,y is the initial weight of the dry specimen, and Wyet is the weight of the
wet specimen.

After evaluating the absorption capacity (Figure 2a) of each type of fiber (Table 3), the
specimens were immersed in water at room temperature (20 °C) until maximum saturation
(Wiwet™) was reached (range 15-90 min) (Figure 2b). The next controlled drying phase
was carried out using an oven equipped with electronic temperature control, set to reach
and maintain a constant temperature of 50 °C [34].

Drying times ranged from 10 to 16 h [28], depending on the cellular structure of the
fibers. After drying, the oven was set to gradually cool down to room temperature (20 °C)
in order to avoid thermal shock. Five wet—dry cycles were conducted for each type of fiber.
After each cycle, direct tensile tests were performed to evaluate the effects of the treatment
on the mechanical properties of the fibers.

Finally, both treated and untreated fiber specimens were observed using a Gaia III (Tes-
can s.1.0, Brno, Czech Republic) FIB-SEM (Focused Ion Beam-Scanning Electron Microscope)
to detect any structural changes induced by the hornification process.
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Figure 2. Absorption capacity of natural fibers: (a) absorption curves; (b) absorption tests.

Table 3. Results of the absorption tests.

Fibers Wdryo Wwet™2X Wiyet 180 Maximum Absorption Absorption Capacity
[g] [g] [g] Time [min] WA [%]

Banana 0.64 3.51 3.48 60 448
Hemp 1.77 6.43 6.37 90 263
Coir 4.23 13.41 12.85 90 217
Cotton 2.51 8.92 8.77 90 255
Henequen 1.92 6.7 6.4 15 249
Jute 2.18 10.87 10.46 60 399
Flax 0.81 4.33 4.1 15 435
Ramie 0.63 2.66 2.61 30 322
Raffia 0.67 3.55 3.29 60 430
Sisal 3.29 11.7 9.75 15 256

2.2. Tensile Tests

Tensile tests were performed on natural fibers composed of 7 fiber bundles. Each
specimen was 500 mm long and 65 mm wide. According to ACI 549.6R-20 [50], aluminum
tabs—0.8 mm in thickness—were applied at both ends of the specimens. These tabs ensured
a uniform distribution of tensile forces across all multifilaments during testing (Figure 3).

For each type of natural fiber, six tensile tests were carried out both before and after
the hornification treatment. The tests were performed under displacement control at a
rate of 0.4 mm/min using an Instron SATEC™ 5592-315HVL (Illinois Tool Works Inc.,
Glenview, IL, USA) universal testing machine, referenced in [16]. To accurately measure
local displacements, a 50 mm strain gauge was applied in the middle of each specimen.
Young'’s modulus was determined on the stress—strain curve as the slope of the linear elastic
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branch and, in particular, it was determined between two points corresponding to 10% and
60% of the maximum tensile strength. The equivalent cross-sectional area of fiber textile
was calculated according to CNR-DT 200 R1/2013 (2) [51]:

Af = n-w~tf 3)

where Af is the total resistant area expressed in mm?

, 1 is the number of bundles, w is the
gap between bundles expressed in mm, and {; is the equivalent thickness of a reinforcement

mesh in the warp direction, and it was calculated according to CNR-DT 215/2018 [52]:
tr=1000 - G/g 4)

where G is the weight of the multifilaments in the warp direction expressed in daN/m?,
and g is the density of the fiber expressed in daN/m3.
The weight (G) can be calculated as follows:

G =1/1000 - Tx/1000 - N¢ )

where Ty is the linear density of the multifilament expressed in Tex [g/km], and Ny s the
density of the fabric. The linear density of the multifilament, in accordance with EN ISO
1889:2009 [53], was calculated as follows:

T, = P/L - 1000 (6)

where P is the weight of the multifilament expressed in g, and L is the length of the
multifilament expressed in m.

N/ Y
T

Figure 3. Tensile test results on henequen textile: (a) specimens; (b) tensile test setup.

3. Results

In Table 4, the results of direct tensile tests performed on untreated fiber textiles (N.H.:
No Hornification) are summarized. The corresponding stress—strain curves are shown in
Figure 4.

As can be observed, the values of the coefficient of variation (CV) range from 0.02 to
0.12. In virtue of this limited variability, the results can be considered reliable. In particular,
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henequen (CV = 0.02) and jute (CV = 0.06) fibers exhibited highly homogeneous behavior,
whereas flax (0.11) and banana (0.12) fibers showed a larger dispersion, probably due to
morphological heterogeneity or practical issues in the specimen preparation. Overall, it

can be confirmed that the data obtained from the tests on untreated specimens are reliable

and representative of the average mechanical properties of the tested fibers.

Table 4. Tensile test results of natural textile (Fpax: maximum load; oy: tensile stress; ¢: ultimate

strain; E: Young’s modulus). The value of the standard variation is in italics, and the coefficient of

variation is in parenthesis.

. Fmax Ot E
Fibers Cycles Af (N) (MPa) €u (GPa)
436 63
Banana N.H. 6.88 50.22 (0.12) 7.30 (0.12) 0.027 3.01
2079 171
Hemp N.H. 12.13 164.42 (0.08) 13.55 (0.08) 0.035 6.48
. 1866 77
Coir N.H. 2417 184.41 (0.10) 7.63 (0.10) 0.158 0.78
1146 102
Cotton N.H. 11.23 77.83 (0.07) 6.93 (0.07) 0.142 0.76
905 136
Henequen N.H. 6.65 15.15 (0.02) 2.28 (0.02) 0.028 7.73
1704 201
Jute N.H. 8.47 103.36 (0.06) 12.20 (0.06) 0.025 10.23
886 228
Flax N.H. 3.88 97.94 (0.11) 25.24 (0.11) 0.022 13.24
R 769 153
Ramie N.H. 5.02 59.71 (0.08) 11.89 (0.08) 0.021 7.25
. 230 41
Raffia N.H. 5.57 18.85 (0.08) 3.38 (0.08) 0.059 0.67
. 2515 196
Sisal N.H. 12.82 238.42 (0.09) 18.60 (0.09) 0.035 6.31
—BANANA HEMP —COIR —COTTON —HENEQUEN
JUTE —FLAX RAMIE' —SISAL —RAFFIA
250
200
? I
A
= 150 |
2 100 "
i)
50 | [/ |
V)
0
0 0.05 0.1 0.15 0.2
Strain ¢

Figure 4. Tensile behavior of natural fibers: stress—strain diagrams.
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The stress—strain diagrams showed for all specimens qualitatively similar behaviors.
In particular, an initial pseudo-linear elastic branch was observed up to the maximum
stress, followed by the failure of the external filaments of the specimen. Among the tested
fibers, linen, sisal, and jute exhibited the highest tensile strength values. Conversely, raffia,
coconut, and cotton highlighted considerably higher deformability when compared to the
other types of fiber. At this first step of investigation, no clear correlations between water
absorption and tensile properties were detected. Tensile tests were repeated after each
hornification cycle, and the corresponding results are summarized in Table 5.

The values of the coefficients of variation reported in Table 5 are generally between
0.04 and 0.11, with an average value of basically below 10%. These results can be considered
consistent with the tolerances commonly accepted for mechanical tests on natural fibers
and composite material specimens. In particular, the lowest CV values (~0.04-0.06)—
observed in some tests—suggest the high stability of the mechanical behavior and a proper
experimental test setup and execution. The slightly higher values (up to ~0.11) observed
in some tests (sisal, raffia, flax, and coir fibers) remained within acceptable limits, and this
can be attributed to local differences in the fiber morphology or small irregularities during
specimen preparation.

Table 5. Results of tensile tests on natural fibers after hornification (Fmax: maximum load; oy: tensile
stress; ey: ultimate strain; E: Young’s modulus). The value of the standard variation is in italics, and

the coefficient of variation is in parenthesis.

Fibers Cycles l?ﬁa)x (MPa) fu (G];:’a)
Hl 28.026(306) 7. 756(%,06) 0.030 2.43
Rl 25.0?)6(%.04) 22.938?0.04) 0.042 2.77
Banana H.III 31'021(305) " 69(()0.05) 0,040 254
RV 33.630(2.05) 9.281 (()8,05) 0.039 3.02
Y 22.626(%.06) 2.345(%).06) 0.067 1.06
Hl 51.6182 ?804) 4.251 ?61.04) 0.038 3.49
i 109.51(%.09) 8.981 (()8_09) 0.059 3.06
Hemp HIT 3;25(309) " 02)2(%'09) 0.050 221
RV 13456(?).10) 11.021(%.10) 0.053 3.22
o 94-6192 ?07-08) 7. 781?3.08) 0.080 242
HI 153.;5798(?()).09) 6.357(%).09) 0.197 0.67
i 202.;27(%).11) 8.397(%,11) 0.162 0.75
Coir H.III ; 61;28(31 0) 6. 707(%'1 0) 0.185 0.67
RV 147;35(%.10) 6.126((()).10) 0.196 0.50
HV 1774 73 0.167 0.68

192.92 (0.11)

8.00 (0.11)
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Table 5. Cont.
. Fmax Ot E
Fibers Cycles (N) (MPa) €u (GPa)
936 83
HI 7405(0.08) 656 (0.08) 0.173 0.67
414 37
HII 31.05(0.07)  2.75 (0.07) 0180 0.39
880 78
Cott
otton H.III 75.02 (0.09) 6.65 (0.09) 0.142 0.67
799 71
HIV 7947 (0.10)  7.05 (0.10) 0.152 0.58
1104 98
HV 11122 (0.10)  9.86 (0.10) 0.143 0.75
149 225
HI 131.83(0.09)  19.82 (0.09) 0.034 11.10
1849 278
HII 111.80 (0.06)  16.81 (0.06) 0.028 11.82
2128 320
Henequen
E H.II 130.37 (0.07)  19.60 (0.07) 0.032 11.76
1204 181
HIV 68.25(0.06)  10.26 (0.06) 0.027 744
1543 232
HV 67.27(0.04) 1012 (0.04) 0.029 7.58
659 78
H1 6421(0.10)  7.60 (0.10) 0.044 2.98
549 65
HII 54.84(0.10)  6.49 (0.10) 0.045 1.89
726 86
t
Jute H.II 57.30(0.08)  6.78 (0.08) 0.031 255
1134 134
HIV 98.15(0.09)  11.62 (0.09) 0.043 3.56
979 116
HV 89.82(0.09)  10.63 (0.09) 0.042 3.33
555 143
HI 4726 (0.09) 1221 (0.09) 0.019 6.92
334 86
HII 3654 (011)  9.42 (0.11) 0.015 6.02
524 135
Flax FLITI 505008 1111008 0.019 9.61
493 127
HIV 23.39(0.05)  6.03(0.05) 0.015 11.55
376 97
HV 16.15(0.04)  4.16 (0.04) 0.018 8.03
474 94
HI 4124009  8.18(0.09) 0.043 2.22
502 100
HI 3959 (0.08)  7.86 (0.08) 0.052 2.59
. 420 84
R
amie H.III 37.03 (0.09) 7.35 (0.09) 0.054 2.65
494 98
HIV 4491 (009 891 (0.09) 0.060 4.56
482 9%
HV 46.89(0.10)  9.30 (0.10) 0.082 3.25
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Table 5. Cont.
. Fmax Ot E
Fibers Cycles (N) (MPa) €u (GPa)
230 4
HI 2030 (0.09)  3.62 (0.09) 0.045 0.99
234 0
HII 2030 (0.11)  3.62(0.11) 0.056 0.89
. 247 44
Raffia FLIIT 63009 3.86.(009) 0.052 0.82
252 45
HIV 23.00(0.09) 410 (0.09) 0.062 0.77
201 36
HV 19.29(0.10) 3.4 (0.10) 0.083 0.67
2641 206
HI 10828 (0.04) 845 (0.04) 0.039 6.84
2500 195
HII 27416 (011)  21.39 (0.11) 0.041 6.94
. 2064 161
I
Sisa H.II 14822 (0.07)  11.56 (0.07) 0.031 4.69
2333 182
HIV 119.35(0.05)  9.31 (0.05) 0.034 6.85
2244 175
HV 109.28 (0.05) 852 (0.05) 0.034 9.57

To evaluate the effect of the treatment cycles on the tensile performances of the ten
tested fibers, a one-way analysis of variance (ANOVA) was conducted, and the result-
ing F-statistic (Fisher’s test statistic) and p-value (probability value) determined whether
differences were statistically significant (p < 0.05).

Then, a two-way analysis of variance (ANOVA) was carried out to evaluate the
influence of the type of fiber, the number of hornification cycles, and their relationship with
the tensile strength of the treated fibers. In Table 6, the results are reported.

Table 6. Two-way ANOVA results for effects of fiber type and hornification cycles on tensile strength
(SS: sum of squares; df: degrees of freedom; MS: mean square; F: Fisher’s test statistic; p: probability
value; VE: variance explained).

SS df MS F p VE (%)
Fibers 1.03 x 10° 9 114,029 981.6 <0.001 72
Cycles 39,855 5 7991 68.8 <0.001 3
Fibers x Cycles 319,924 45 7109 61.2 <0.001 23
Residuals 34,850 300 116 2

The statistical analysis revealed that all the factors considered significantly affected
the mechanical response of the fibers (p < 0.001). The type of fiber was the dominant factor,
accounting for the largest portion of the total variability (72%).

The number of hornification cycles also showed a certain effect (3% of the total vari-
ance), confirming that repeated drying—wetting treatments can modify the fiber perfor-
mance, particularly during the first cycles. The significant interaction between the two fac-
tors (23% of the variance) demonstrated that the effect of hornification depends on the type
of fiber, as already discussed. The residual variance (2%) represents the experimental error.
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4. Discussion

The histogram in Figure 5 shows, at each hornification cycle (from H.I to H.V), the vari-
ation in the tensile strength of the ten types of fibers with respect to those in the untreated
state. Both the benefits and limitations of the hornification process are clearly highlighted.

BANANA
5%
27%
49%
67%
-22%

HEMP COIR COTTON HENEQUEN JUTE FLAX RAMIE RAFFIA SISAL
-37% -3% -22% 65% —63% -37% -39% -5% 5%
-42% -1% -62% 104% —67% -62% -36% 0% -1%
=27% -12% -16% 135% -58% -41% -42% 5% -18%
-32% -22% -31% 33% -32% -44% -33% 17% =7%
—44% 0% —8% 71% -41% =57% -39% -3% -11%

Figure 5. Variation in tensile strength of fibers after hornification treatment.

The most notable variation in strength after the hornification treatment was observed
in the henequen, sisal, and flax fibers.

In particular, the henequen fiber showed a significant increase (+65%) in tensile
strength after the first cycle of treatment, while the highest increase (+135%) was observed
after the third cycle. Sisal fiber exhibited a consistent trend through different hornification
cycles, indicating good mechanical stability. An increase in strength (+5%) was observed
after the first cycle, while a slight reduction was noted after the third (—18%), fourth (—7%),
and fifth (—11%) cycles. Instead, the flax fiber showed an undesirable strong reduction in
tensile strength after treatment. In particular, a reduction of 62% was observed after the
second cycle, and a final reduction of 57% was observed after the five-cycle treatment.

The banana fiber exhibited a favorable trend, with a tensile strength which gradually
increased up to 67% in the fourth cycle. However, this trend reversed in the fifth cycle,
in which the strength was strongly reduced (—22%), probably due to a degradation of
the structure of the internal fiber. This behavior confirmed the existence of an optimal
threshold, beyond which the mechanical performance can reduce due to fatigue or damage
to the internal structure of the fibers. The fibers of jute and flax showed a pronounced
and consistent decrease in tensile strength after treatment. The jute fiber showed a strong
decrease (—67%) after the second cycle, while the strength of the flax fiber steadily decreased
(—57%) after the fifth cycle. These fibers highlighted a high vulnerability to the hornification
process, probably due to a combination of high hydrophilicity, structural fragility, and
micro-cracking induced by repeated humidity moisture fluctuations.

The cotton fibers showed a similar trend, with strength values that showed a reduction
of 31% after the fourth cycle, although the recovery of strength after the fifth cycle suggests
some reversible effects. Ramie fibers also showed a strength reduction (—42%) after the
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third cycle. Hemp fibers highlighted negative values in all cycles (e.g., —42% after the
second cycle, and —44% after the fifth cycle). Coir and sisal fibers showed relatively
stable tensile strengths, with low variations after all cycles. In particular, for coir fibers, a
strength variation between —3% (after the first cycle) and —12% (after the fourth cycle) was
observed, while for sisal fibers, the variation was between +5% and —11%. Coir and sisal

fibers slightly suffered swelling and internal rearrangements, probably thanks to their high
lignin content and low water absorption.

The stress—strain curves of the henequen, sisal, and flax fibers are reported in

Figure 6a—c, respectively. Different behaviors among the three types of textiles, after the
hornification treatment, can be observed.
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Figure 6. Tensile behaviors of fibers before and after hornification: (a) henequen, (b) flax, and (c) sisal.
The henequen textile showed a significant improvement in mechanical performance.

In particular, the strength and stiffness increased up to the third cycle, probably due to
effective microfibrillar reorganization and enhanced interfibrillar bonding. Flax fibers
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exhibited a progressive and significant decrease in tensile strength and ultimate strain,
probably indicating structural degradation due to their high hydrophilicity and low lignin
content. In contrast, sisal fibers maintained an overall stable mechanical response, with
limited variations in strength after the different cycles. This behavior confirms their good
resilience and reduced sensitivity to the hornification process, probably due to their higher
lignin content and lower water absorption capacity. Overall, the results confirm that the
effectiveness of the hornification treatment is strongly fiber-dependent. Additional tests
are necessary to more deeply evaluate the influence of hornification on the different types
of fibers as a function of their composition.

The aforementioned results highlighted that hornification was the most effective on
fibers with moderate to high initial water absorption capacities (e.g., banana, henequen),
flexible microfibrillar structures, and a balanced ratio of cellulose to lignin. The excep-
tional performance of henequen fiber confirmed the strong synergy between the mor-
phological characteristics of henequen and the rearrangement induced by hornification.
The remarkable enhancement confirmed that repeated wet—dry cycles effectively im-
proved the microfibrillar alignment and increased the stiffness by strengthening interfacial
hydrogen bonds.

In contrast, brittle fibers underwent mechanical degradation due to fibril delamination,
shrinkage-induced crack formation, or loss of interfibrillar cohesion.

In order to investigate the morphological changes after the hornification process, the
fibers were qualitatively investigated using a Gaia III (Tescan s.r.o, Brno, Czech Republic)
FIB-SEM (Focused Ion Beam-Scanning Electron Microscope). The electron beam used
for SEM imaging had a voltage of 10 kV, operating in high-vacuum mode and with a
secondary-electron (SE) detector. Samples were deposited on a stub and then coated with
an ultrathin coating of silver.

By comparing the SEM images of untreated fibers to those subjected to hornification,
clear morphological differences can be qualitatively observed.

Figure 7a—c illustrate the untreated state of the sisal fiber, and Figure 7d—f present
some effects of hornification.

The treated fibers showed an increase in surface roughness and more pronounced
longitudinal striations, which are associated with the alignment of cellulose microfib-
rils. However, the differences between treated and untreated sisal fibers are relatively
subtle, as reflected in the tensile test results, which showed minimal variation. This
suggests that sisal may require a greater number of hornification cycles to undergo sub-
stantial morphological and mechanical modifications, probably due to a lower sensitivity
to moisture-induced changes.

In contrast, henequen fibers (Figure 8) exhibited a markedly different behavior. After
treatment, a 140% increase in tensile strength was recorded, accompanied by evident
morphological alterations.

SEM analysis revealed a cleaner fiber surface, free of superficial residues such as
waxes, pectins, and soil particles. The surface is noticeably rougher, with enhancement in
the adhesion property. The multifilament structure appears significantly more compact,
with a reduction in lumen size. Unlike other natural fibers such as flax and jute, which
showed progressive degradation, henequen maintained its structural integrity and me-
chanical performance, suggesting it as an optimal candidate for use in eco-sustainable
composite materials.

In contrast, flax fibers (Figure 9) responded negatively to the hornification process,
showing a 62% decrease in tensile strength after the second cycle of hornification.
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Figure 7. SEM image of sisal fibers: (a) multifilaments, N.H.; (b) fibrous bundle, N.H.; (c) cross
section, N.H.; (d) multifilaments, H.III; (e) fibrous bundle, H.III; (f) cross section, H.IIIL.
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Figure 8. SEM images of henequen fibers: (a) multifilaments, N.H.; (b) fibrous bundle, N.H.; (c) cross
section, N.H.; (d) multifilaments, H.III; (e) fibrous bundle, H.III; (f) cross section, H.IIL.



Fibers 2025, 13, 148

17 of 20

SM:ANALYSIS | View fleld: 43.8 um 1

SEM MAG: 6.32 kx Det: SE 10pm
View field: 43.8 jim _ Date(m/dly): 0919125 Performance in nanospace

(c) Scale bar 10 um

KV View field: 361mm | | GAIA3 TESCAN
x

Det: SE Tmm
supervisor Performance in nanospace.

SES KV View field: 3.61 mm GAIA3 TESCAN| SEMHV: 100KV WD: 17.48 mm GAIA3 TESCAN SEMHV: 100KV WD: 17.57 mm

SEM MAG: 77 x Det: SE Tmm View field: 240 um Det: SE 50 pm View field: 224 ym Det: SE
View field: 3.61 mm supervisor Performance in nanospace SEM MAG: 1.15 kx _ Date(midly): 07/02125 ince in nano: SEM MAG: 124 kx _ Date(m/dly): 07/02125

(d) Scale bar 1 mm (e) Scale bar 50 um (f) Scale bar 50 um

Figure 9. SEM images of flax fibers: (a) multifilaments, N.H.; (b) fibrous bundle, N.H.; (c) cross
section, N.H.; (d) multifilaments, H.II; (e) fibrous bundle, H.II; (f) cross section, H.II.

SEM images revealed an excessive compaction of individual fibers and a collapse of
the internal lumen, probably caused by mechanical fatigue induced by the repeated wetting
and drying cycles. After moisture absorption, the cell wall tended to swell primarily in the
transverse direction, but repeated cycles caused internal stress that progressively weakened
the fiber’s integrity.

In this context, the hornification process emerged as a promising and low-impact
method to influence the mechanical properties of natural fibers, but optimization in terms of
the number of cycles and fiber selection seems to be essential for more precise considerations
and practical applications.

Furthermore, additional structural characterizations by XRD (X-Ray Diffraction) and
FTIR (Fourier Transform Infrared Spectroscopy) devices are necessary in the future for an
in-depth analysis of the different phenomena. X-ray photoelectron spectroscopy can be
useful to accurately analyze the surface element composition (e.g., changes in the O/C
ratio) of fibers before and after treatment, combining FTIR to evaluate the peak intensity
changes of hydroxyl groups.

5. Conclusions

In this study, the mechanical performances of ten different natural fibers were in-
vestigated, with the aim of evaluating their suitability as sustainable reinforcement for
innovative composite materials. The experimental campaign focused on tensile tests per-
formed before and after a fully natural protective treatment known as the hornification
process. In the context of an eco-friendly approach, no treatments with chemical agents
were taken into account in this investigation.
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In order to determine the effective number of hornification cycles for increasing the
mechanical properties of the tested fibers, 30 tensile tests were performed on each type of
fiber as the number of hornification cycles increased (from one to five).

In the untreated condition, fibers of hemp (171 MPa), jute (201 MPa), flax (228 MPa),
and sisal (196 MPa) showed the highest tensile strength. After the hornification cycles
(from one to five), the strength of banana had an increase of 58% (after four cycles), that
of henequen had an increase of 140% (after three cycles), while the strengths of coir and
sisal were slightly increased: 11% (after two cycles) and 8% (after one cycle), respectively.
In contrast, jute and flax specimens showed high decreases in tensile strength after the
hornification treatment. The jute fiber showed a decrease of 67% (after two cycles), and
flax showed a decrease of 60% (after five cycles). All of the other fibers showed decreases
in tensile strength, even if less pronounced with respect to jute and flax. These fibers, so
vulnerable to the hornification process, are not truly suitable for embedment in any mortar
matrix to constitute a green composite material.

The effects of the treatment on the morphological and mechanical properties of the
fibers were qualitative analyzed by scanning electron microscopy (SEM).

After the hornification process, the morphological analysis showed that henequen
and sisal benefited from increased compactness and fiber integrity, leading to enhanced
mechanical properties.

These fibers appear to be promising candidates for use in eco-compatible composite
materials for the strengthening of structural elements in contexts where environmental
sustainability is a primary concern. Moreover, the use of a non-chemical treatment such
as hornification preserves the biodegradability and renewability of the fibers, making the
composite material both structurally effective and environmentally responsible. The results
of this study represent a promising starting point: in the future, an extended experimental
campaign and numerical simulations for optimizing multi-cycle hornification, checking
the bond performances of composite materials assembled with natural fibers and their
durability under real environmental conditions, are necessary to allow for more general
considerations and practical recommendations.
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