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ABSTRACT

The construction sector is one of the main sources of pollution, due to high energy consumption and the toxic
substances generated during the processing and use of traditional materials. The production of cement, steel, and
other conventional materials impacts both ecosystems and human health, increasing the demand for ecological
and biodegradable alternatives. In this paper, we analyze the properties of panels made from a combination of
plant fibers and castor oil resin, analyzing the viability of their use as construction material. For the research,
orthogonal fabrics made with waste plant fibers supplied by a company that deals with the manufacture of fur-
niture and craft products were used. These fabrics were made with strips of plant fibers of the Calamus rotang,
Bambusa vulgaris, Heteropsis flexuosa, and Salix viminalis species. To improve their compatibility with the castor
oil resin, a cold argon plasma treatment was applied. The effect of the treatment on the properties of the fibers and
the panels was analyzed. The density, water absorption capacity, and swelling percentage were evaluated. Tensile,
compression, static bending, and linear buckling tests were carried out. The study found that panels made with
treated fiber fabrics exhibited a reduction of approximately 10% in absorption capacity and up to 35% in swelling
percentage values. Panels made with Bambusa vulgaris fabrics exhibited the highest strength and stiffness values.
Numerical models were constructed using commercial finite element software. When comparing the numerical
results with the experimental ones, differences of less than 15% were seen, demonstrating that the models allow
adequately predicting the analyzed properties. On comparing the values obtained with the characteristic values of
oriented strand board, the results suggest that panels made with unconventional materials could replace commer-
cial panels traditionally made with wood-based fibers and particles and other composite materials in several appli-
cations in the construction industry.
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Nomenclature

A Absorption

CI Crystallinity index
d Fiber diameter
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D Density

D,, Density of weave

E. Modulus of elasticity in compression
E; Modulus of elasticity in tension
FWHM 1 Full Width at Half Maximum
H Intensity

K Shape factor

L Crystallite length

MOE Apparent modulus of elasticity
MOR Modulus of rupture

NT Untreated fibers

NT-BF-P  Panels made with untreated Bambusa vulgaris fibers
NT-HF-P  Panels made with untreated Heteropsis flexuosa fibers
NT-RF-P  Panels made with untreated Calamus rotang fibers
NT-SF-P  Panels made with untreated Salix viminalis fibers

Pcr Critical linear buckling load
Sw Swelling percentage
TR Treated fibers

TR-BF-P  Panels made with treated Bambusa vulgaris fibers
TR-HF-P  Panels made with treated Heferopsis flexuosa fibers
TR-RF-P  Panels made with treated Calamus rotang fibers
TR-SF-P  Panels made with treated Salix viminalis fibers

Xc Diffraction angle

&g Strain percentage

G Compression strength
¢ Tensile strength

20 Diffraction angle

1 Introduction

The construction industry has a major impact on the environment, since it represents a significant
percentage of total resource consumption, energy use, and greenhouse gas emissions. One of the
indicators used to evaluate the environmental impact generated by the construction industry is the
consumption of materials throughout the life cycle of buildings. Understanding material consumption
helps identify opportunities for efficient use of resources, promoting circular economy principles and
developing more sustainable materials practices [1,2].

According to Zimmer et al., Latin America affords a wide availability of natural resources that promote
the production and use of conventional fiber or wood particle boards in various non-structural applications in
the construction sector [3]. However, it is important to consider that timber extraction can lead to
deforestation and loss of biodiversity if not managed sustainably. On the other hand, although these fibers
come from renewable resources, synthetic adhesives (urea formaldehyde, melamine urea formaldehyde,
phenol formaldehyde, etc.) are frequently used during the manufacture of these boards. These resins
cause polluting emissions, causing damage to human health [3].

Recent research has focused on the study of sustainable materials that can be used to replace
petrochemical polyols used as resins to produce fiber or particle boards. Several vegetable oils (castor oil,
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soybean oil, palm oil, linseed oil, etc.) have been evaluated with the aim of reducing the environmental
impact and energy consumption generated by traditional polyurethanes. In recent years, studies have been
carried out promoting the development of castor oil-based polyurethanes for adhesive applications on
wood and other plant fibers [4-7].

The use of unconventional plant fibers such as flax, kenaf, linen, palm, and cassava as substitutes for
traditional fibers in the production of non-structural panels is gaining increasing attention [8—12]. The
development and application of these panels can contribute to the mitigation of the environmental
footprint generated when using conventional construction materials and has stimulated the spread of the
use of more ecological materials containing plant-based fibers [13], which are distinguished for their
notable physical and mechanical properties, such as a high degree of strength, stiffness, toughness,
thermal insulation, and cost-effectiveness [14].

The mechanical properties of composites reinforced with plant fibers vary depending on determining
factors such as the selection of the type of reinforcement, the fiber load, and their compatibility with the
matrix of the composites [14]. Recent studies have shown that the combination of different types of fibers
as reinforcement of polymeric matrix can contribute to improving the mechanical properties of
composites. Some of these studies have focused on evaluating the effect of the stacking sequence on the
mechanical behavior of flax/carbon/kevlar based epoxy, jute/hemp bio-epoxy, and flax/basalt/carbon fiber
reinforced epoxy/bio epoxy hybrid composites. The results favor the use of hybrid composites in various
structural engineering applications [15—17].

Despite their multiple advantages, some factors, such as the hydrophilicity of vegetal fibers and their
polysaccharide content, may limit their use as reinforcement in panels made with biopolymeric resins
[13,14]. According to Vinod et al., the hydrophilic nature of natural fibers can be reduced by means of
chemical treatment and surface modification techniques [18]. These treatments allow for the partial
elimination of lignin, hemicellulose, wax, and some impurities, which can affect their adhesion to the
composite matrix [19,20]. Currently, physical modification methods have been applied, with novel results
for the surface modification of fibers [21]. These methods are considered “clean methods” because
their application does not generate polluting residues. Cold plasma treatments using methane, argon, or
helium are the most employed physical processes. This technique generates free radicals and polymerizes
the material, modifying the chemical structure of the fibers and their crystallinity index [22]. Recent
results have shown the effect of surface modifications on the behavior of composite panels made
with materials of plant origin, emphasizing the materials’ performance when subjected to axial and
bending loads [23].

Due to their physical and mechanical properties, panels made from plant-based fibers and resins could be
used in various non-structural applications. In general, during its useful life, the material can be subjected to
the action of external loads that can affect its durability and mechanical performance. Recent studies have
reported experimental and numerical results focused on an analysis of composites subjected to various
loading conditions, analyzing the viability of their use in several sectors of industry [24]. Pathak et al.
evaluated the buckling behavior of composite plates under combined mechanical and thermal loading
[25]. Jiao-Wang et al. studied the critical buckling load of slender flax/PLA columns subjected to
uniaxial compression, comparing the numerical results with experimental tests in order to validate
Ludwick’s law for predicting the critical buckling load of nonlinear elastic columns [26]. Gioffre et al.
analyzed the mechanical behavior of a hemp-based biocomposite material and its use as a structural
reinforcement for masonry structures [27]. Jungstedt et al. compared hot-pressed lignocellulosic
composites, examining the strains and failure mechanisms associated with these materials. Their results
suggest that the application of hot-pressed all-lignocellulose composites could extend beyond packaging
to include load-bearing applications, such as molded panels for buildings and transportation [28].
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Additionally, Kan et al. proposed a strategy for adjusting cross-linking networks in soybean meal-based
biocomposites, effectively balancing their mechanical and biodegradation properties [29].

In this paper, the physical and mechanical properties of non-conventional panels subjected to different
loading conditions (tension, compression, static bending, and linear buckling) are presented. For the
construction of the panels, orthogonal plant fabrics were used to reinforce a castor oil matrix. The fabrics
were made using plant waste supplied by a company that deals in the manufacture of furniture and craft
articles. To improve the compatibility between the plant fibers and the castor oil resin, a preliminary
surface treatment using a cold argon plasma was applied. The experimental results were compared with
the results obtained for commercial wood panels. Additionally, numerical models were developed that
allow predicting the behavior of the material subjected to different loading conditions.

2 Experimental Procedures

2.1 Constituent Materials

Vegetable fiber strips of the Calamus rotang (RF), Bambusa vulgaris (BF), Heteropsis flexuosa (HF),
and Salix viminalis (SF) species were used. The fibers were supplied by a company that deals in the
manufacture and marketing of furniture and craft products. The fibers used come from tropical plants
widely available in South America. The availability, rapid growth, and physical and mechanical
properties of these plant fibers make them a viable option for the actual production of a wide range of
products in various industry sectors.

The content of cellulose, hemicellulose, lignin, and other compounds (oil, waxes, and impurities) was
determined following the procedures described in ASTM D1103-21 [30], ASTM D1110-21 [31], and ASTM
D1106-21 [32]. The chemical composition of the fibers is presented in Table 1. A commercial bicomponent
castor oil resin based on vegetable polyurethane was used as the matrix of the panels. The resin consists of
two components (A + B) mixed in a proportion of 1:1.5 (one part of component A and, one and a half parts
of component B, in volume, respectively). Component A is a product obtained by pre-polymerization of
diphenylmethane diisocyanate with polyol derived from castor oil. Component B is a product derived
from castor oil, obtained by esterification and transesterification of ricinoleic acid with glycols. The
properties of hardened castor oil resin were provided by the supplier and are presented in Table 2.

Table 1: Chemical composition of fibers

Fibers Cellulose (%) Hemicellulose (%) Lignin (%) Others (%)
RF 47 £ 4 23 +£2 25+4 50+£03
BF 49 £2 18+3 25+3 6.0+0.2
HF 45+3 20+ 4 26 +2 9.0+04
SF 46 + 4 28 £3 17+ 4 9.0+0.5

Table 2: Properties of hardened castor oil resin

Tensile strength (MPa) 5545
Modulus of elasticity (GPa) 25+£03
Poisson coefficient 0.38 £ 0.04

Density (kg/m’) 1025 + 18
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2.2 Surface Treatment and Fiber Characterization

A cold argon plasma was applied using a plasma-enhanced chemical vapor deposition (pulsed-DC
PECVD) system. This treatment is a dry modification process, in which no drying is required after the
treatment step. At the same time, the consumption of chemical products is very low, which allows
reducing the emission of polluting waste. The plasma was applied for 30 min at a working pressure of
120 Pa, with an applied voltage of =300 V and a temperature not exceeding 30°C. A Tescan Vega
scanning electron microscope (SEM) was used to analyze potential changes in the morphology of the
fibers. Micrographs with a magnification of 400x were obtained before and after the plasma treatment. To
evaluate the influence of the treatment on the elemental composition of the fibers, the X-ray dispersion
spectroscopy (EDS) technique was used.

The X-ray diffraction (XRD) technique was applied using a PANalytical XPert PRO MRD X-ray
diffraction system. The crystallinity index was determined using the Segal method [33]. Fourier transform
infrared spectroscopy (FTIR) was applied using a Thermo Scientific Nicolet iS10 with an ATR module
with a measurement range between 600 and 4000 cm ™' and 16 scans.

The density (D), water absorption capacity (A), swelling percentage (Sw), tensile strength (c,), modulus
of elasticity (E,), and strain percentage (¢) of the fibers were evaluated according to the procedures described
in the ASTM D792-20 [34] and ASTM D3800-20 [35] standards, respectively. The diameter of individual
fibers was measured using a Nikon SMZ800 stereo zoom microscope. Average values were reported by
measuring the diameter of the fiber at 8 random places. 50 specimens were analyzed for each type of
plant fiber.

2.3 Manufacturing Process

2.3.1 Fabrics

A “hand-woven” fiber arrangement was used. The weave consisted of strips with a thickness of 2 mm, a
width of 8 mm, and a length of 300 mm. In each fabric, the orientation of the strips was combined at 0° and
90°, forming a plain weave arrangement, which is characterized by its easy production, symmetry, and
stability (see Fig. 1).

Figure 1: Plain weave arrangement

2.3.2 Panels

For the elaboration of the panels, the constituent materials were mixed in a proportion of 70% fibers and
30% resin, based on the total volume of the panel. Thin square panels measuring 300 mm in width, 300 mm
in length, and 8 mm in thickness were constructed using the manual molding technique and compression
compaction [36]. A hydraulic press with a card capacity of 1000 kN was used. A load of 100 kN at room
temperature was applied for 6 h. Once removed from the mold, the panels were cured for 72 h.



1796 JRM, 2024, vol.12, no.10

To evaluate the efficiency of the argon plasma treatment, panels reinforced with untreated (NT) and
treated (TR) fibers were manufactured for each type of vegetal fiber.

2.4 Panel Characterization

The density (D), water absorption capacity (A), and swelling percentage (Sw) of the panels were
determined following the recommendations of the ASTM D2395-17 [37] and ASTM D1037-20 [38]
standards, respectively.

The tensile, compression, and static bending tests were performed following the procedures described in
ASTM D1037-20 [38]. For the tests, a Landmark MTS 370.10 with load capacity of 100 kN was used. For
the tensile test, specimens 254 mm long, 50.8 mm wide, and 8 mm thick were produced. A reduced section of
width 38 mm was designed in the central region of the specimens. The tensile load was applied at a uniform
rate of 4 mm/min. For the compression test, specimens of 50 mm in width, 8 mm in thickness, and 100 mm in
length were evaluated. The load was applied at a uniform rate of 0.5 mm/min. To determine the modulus of
rupture (MOR) and apparent modulus of elasticity (MOE), specimens 75 mm wide, 8 mm thick, and 250 mm
long were used. The distance between supports was 200 mm, and the rate of application of load was
3 mm/min. Numerical models were developed using commercial finite element software. For the
simulation, a linear static analysis and a mesh with S8R-type elements were employed.

For the buckling test, specimens 300 mm wide, 300 mm high, and 8 mm thick were evaluated.
Displacement at a speed of 1 mm/min was applied. The critical linear buckling load (Pcr) was determined
experimentally and compared with that obtained in the numerical model. In the models, a linear buckling
perturbation was considered. To simulate compression loading, the application of a unitary load line
across the entire upper edge of the panel was adopted. In this way, it was possible to obtain the size of
the buckling load by multiplying the obtained eigenvalue by the width of the panel.

3 Results and Discussions

3.1 Effect of the Plasma Treatment on the Morphology of the Fibers

SEM micrographs for untreated and treated fibers are presented in Figs. 2—5. In Figs. 2a, 3a, 4a, and 5a,
the presence of impurities and non-cellulosic compounds adhered to the surface of the fibers can be seen. On
comparing these figures, differences in the microstructural shapes of the fibers can be observed. In Figs. 2b,
3b, 4b, and 5b, a cleaner and more defined surface is shown.

| S -

SEM HV: 20.0 I:V WD: 11.00 mm NN N | VEGA3 TESCAN| SEM HV: 20.0 kV WD: 11.00 mm 11 VEGA3 TESCAN|

SEM MAG: 400 x Det: SE 100 pm SEM MAG: 400 x Det: SE 100 ym
View field: 519 ym Date(m/d/y): 05/04/23 SEM Fisica UNAL View field: 519 ym  Date(m/dly): 05/08/23 SEM Fisica UNAL

Figure 2: Effect of treatment on morphology of NT-RF (O/C = 0.91) (a) and TR-RF (O/C = 0.97) (b)



JRM, 2024, vol.12, no.10 1797

SEM HV: 20.0 kV WD: 11.00 mm | | | VEGA3 TESCAN|

SEM MAG: 400 x Det: SE 100 pm
View fleld: 520 ym Date(m/d/y): 05/08/23 SEM Fisica UNAL

SEM HV: 20.0 kV WD: 11.00 mm Ll | VEGA3 TESCAN

SEM MAG: 400 x Det: SE 100 pm
View field: 519 ym Date(m/dly): 05/04/23 SEM Fisica UNAL

Figure 3: Effect of treatment on morphology of NT-BF (O/C = 0.80) (a) and TR-BF (O/C = 0.83) (b)

SEM HV: 20.0 kV WD: 11.00 mm || | | | VEGA3 TESCAN| SEM HV: 15.0 kV WD: 11.00 mm || 11 VEGA3 TESCAN|
SEM MAG: 400 x Det: SE 100 pm SEM MAG: 400 x Det: SE 100 pm
View fleld: 519 pm Date(m/dly): 05/04/23 SEM Fisica UNAL View field: 519 pm Date(m/dly): 05/08/23 SEM Fisica UNAL

Figure 4: Effect of treatment on morphology of NT-HF (O/C = 0.82) (a) and TR-HF (O/C = 0.83) (b)

The appearance of microvoids and a fibrillar structure indicates the efficiency of the treatment for the
removal of non-cellulosic compounds. Some modifications in the elemental composition of the fibers
were observed using the EDS technique. The results indicate a nearly 7% increase in the oxygen/carbon
(O/C) ratio of the TR-RF and TR-SF fibers. However, on analyzing the results for TR-BF and TR-HF,
only a slight increase in the O/C ratio (less than 5%) can be seen. According to Sawangrat et al., argon
treatment causes an increase in the surface activity of the fibers, favoring the reaction of free radicals with
oxygen, reducing the atomic percentage of carbon and increasing the atomic percentage of oxygen [39].
Nevertheless, the effect of the treatment on the surface of the fibers may vary depending on the plant
species, sometimes causing the degradation of any of its compounds.
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SEM HV: 20.0 kV WD: 11.00 mm [HEN! VEGA3 TESCAN| SEM HV: 20.0 kV WD: 11.00 mm Ll | VEGAS TESCAN|
SEM MAG: 400 x Det: SE 100 pm SEM MAG: 400 x Det: SE 100 pm
View fleld: 519 ym Date(m/dly): 05/04/23 SEM Fisica UNAL View field: 519 ym Date(m/d/y): 05/08/23 SEM Fisica UNAL

Figure 5: Effect of treatment on morphology of NT-SF (O/C = 0.86) (a) and TR-SF (O/C = 0.93) (b)

3.2 Effect of Treatments on the Chemical Properties of the Fibers
The X-ray diffraction spectra of the fibers are presented in Fig. 6a. Peaks located nearest 14.80°, 16.50°,

and 22° can be seen in Fig. 6b. The presence of these peaks corresponds to the crystallographic planes 110,
110 and 200, which denote the presence of cellulose 1B [40].
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Figure 6: X-ray diffraction spectra (a); deconvolution and identification of crystallographic planes (b)

Using the Segal equation, the crystallinity index (CI) was calculated. Additionally, the size of the
crystallite was determined using the Scherrer equation, considering a wavelength of 1.544426 and a
shape factor of K = 0.9. Results are shown in Table 3.

From these results, it can be seen that the crystallinity index significantly increased in all treated fibers
between 20% and 80%. Similar results were obtained by Sahu et al. when they analyzed the effect of various
surface treatments on the crystallinity index and the crystallite size of Rattan fibers [41]. Analysis of the effect



JRM, 2024, vol.12, no.10 1799

of the surface treatment on the CI values is a complex process that depends on several factors, such as the
morphology of plant species, the treatment conditions, the resistance to degradation, the size of the
crystallite, and the presence of some defects in the crystalline structure. The increase in the CI values
may be associated with the removal of non-cellulosic compounds (amorphous compounds) and the
reorganization of the cellulose chains, each of which promotes a more ordered and compact structure,
thus improving the crystallinity of the fibers [40]. On analyzing the effect of the treatment on the
crystallite size (L), an increase of up to 18% was observed in the treated fibers. According to Vinod et.
al., this increase in the size of the crystallite can affect some of the fibers’ physical properties, such as
absorption capacity, thus improving their performance as reinforcement for polymeric matrices [40].

Table 3: Crystallinity index and crystallite length obtained using deconvolution data

Fibers Xc (°) H (a.u) FWHM (°) CI (%) L (nm)
NT-RF 14.35 240.54 1.94 40.95 4.59
16.93 317.56 1.64
21.15 1377.11 6.54
22.10 2332.06 1.84
TR-RF 14.77 124.34 1.02 55.35 5.42
16.87 472.34 1.87
19.42 1231.00 6.71
22.05 2757.12 1.56
NT-HF 14.18 264.14 1.21 30.43 5.99
16.14 435.80 1.23
20.94 1332.04 5.35
21.92 1914.64 1.41
TR-HF 14.54 510.00 1.19 59.38 6.08
16.73 749.00 1.64
20.53 1166.60 6.51
21.78 2857.03 1.39
NT-SF 14.69 388.98 1.01 41.55 6.13
16.42 422.53 1.14
21.39 1558.34 6.11
22.60 2666.32 1.38
TR-SF 14.91 972.00 1.52 71.76 6.26
16.59 423.21 1.26
20.18 1268.50 6.00
22.40 4492.53 1.35
NT-BF 15.14 167.15 1.16 58.94 6.12
16.55 149.96 1.05
20.11 1120.49 5.69
22.12 2729.25 1.38

(Continued)
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Table 3 (continued)

Fibers xe (°) H (a.u.) FWHM (°) CI (%) L (nm)
TR-BF 15.39 1162.28 1.21 75.51 6.55
16.74 596.18 1.04
20.40 1606.24 3.89
22.16 6560.00 1.29

The ATR-FTIR technique was applied in order to identify the principal absorption bands for the
functional groups present on the fibers. The results are presented in Figs. 7 and 8. Similar results were
reported by Sahu et al. when analyzing the FTIR spectra of Rattan fibers subjected to different surface
treatments [41]. From the results, it can be seen that the fibers treated with plasma exhibit the same
functional groups as the untreated fibers. The bands located closest to 3334, 1160, and 897 cm ! are
associated with hydroxyl (OH) groups, the stretching of the C-O bonds, and the stretching of the C-H
bonds in the aromatic rings typical of cellulose, respectively. The bands located closest to 2920 and
1730 cm™' can be attributed to stretching of the C-H bonds in methyl (—CH3), methylene (—CH2),
and C=0 groups present in hemicellulose components. Additionally, the bands located at 1593, 1455, and
1423 cm™' may be related to the stretching of the C=C and C-H bonds in aromatic rings and aliphatic
compounds of lignin. On the other hand, an increase in the intensities of the bands located at 3334, 2920,
and 2155 cm ' can be observed in all the treated fibers. Similar results were obtained by Macedo et al.
when they studied the effect of cold plasma treatment on the surface of Kapok fibers [42]. The increases
in intensity at 3334 and 2920 cm ' suggest that the crystallinity of the fibers has improved, which can
influence the interaction between infrared light and the fibers, causing an increase in transmittance in
these absorption bands.
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Figure 7: ATR-FTIR spectra for untreated fibers. T is the transmittance
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Figure 8: ATR-FTIR spectra for treated fibers. T is the transmittance

3.3 Effect of Treatment on the Physical and Mechanical Properties of the Vegetal Fibers

The physical and mechanical properties of the vegetal fibers were determined, and the results are shown
in Table 4. They show a reduction of between 14% and 18% in the D values of all the specimens. An increase
of less than 30% in A can be observed in TR-RF and TR-HF fibers, while in TR-SF and TR-BF, this value
increased to 50%. Additionally, because of the treatment, the Sw increased between 8% and 16% in all fibers.
These changes are probably associated with the appearance of microvoids on the surface of the material due
to the removal of impurities and non-cellulosic compounds during the treatment. On the other hand, a
reduction of less than 20% in oy, E,, and ¢ values can be observed in the TR fibers. This decrease in the
mechanical properties could be related both to the chemical modifications on the surface of the fibers and
to the appearance of defects in the internal structure of the material, which can lead to the emergence of
stress concentrations that affect the performance of the material when subjected to axial loads.

Table 4: Physical and mechanical properties of the fibers

Fibers d (mm) D (kg/m’) A (%) Sw (%) o, (MPa) E, (GPa) e (%)

NT-RF 1.34+£0.03 390+21 2137+£023 11.62+035 285+18 2.81=£0.16 3.85=+0.11
TR-RF 1.27+0.04 335+13 2634+0.15 12.78+0.26 234+14 238+0.11 3.25+0.14
NT-HF 1.56+£0.05 600+ 16 22.45+0.21 14.59+0.39 356+12 3.75+022 1.54+0.24
TR-HF 1.44 +£0.06 492+12 28.92+0.19 15.75+£0.62 301+17 3.25+034 1.28=+0.14
NT-SF  1.28+0.04 470+19 3137+032 11.94+041 260+13 233+0.19 2.85+0.15
TR-SF  1.23 £0.05 402+ 11 46.41+£0.19 13.55+0.34 213+16 1.89+£0.22 2.55+0.18
NT-BF 1.67+0.08 660+41 2844+0.26 14.59+0.39 460=+11 3.21+0.32 4.31+0.19
TR-BF 1.55+0.04 561 +18 4325+0.17 16.87£0.33 385+15 2.77+0.26 3.55+0.24
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3.4 Physical and Mechanical Properties of Panels
The physical properties of the panels were determined. The results are presented in Table 5.

Table 5: Physical properties of panels

Panels D,, (kg/m’) D (kg/m’) A (%) Sw (%)

NT-RF-P 545 + 14 689 + 7 359+£35 259+3.7
TR-RF-P 472 £21 638 £8 31.1+£29 16.6 £ 4.6
NT-HF-P 611 £17 735+7 292 +£2.2 22.1+3.1
TR-HF-P 501 +9 658 £9 239+19 16.5+4.2
NT-SF-P 345+ 6 551 +4 37.2+43 29.1 £2.8
TR-SF-P 279 + 13 503+ 6 30.8 £3.6 213+2.7
NT-BF-P 761 £ 15 840 + 4 194 £2.8 16.6 £3.5
TR-BF-P 589 + 8 720 + 3 148 £2.0 133+1.2

From the results presented in Table 5, a reduction of between 5% and 15% can be observed in the D of
the panels made with treated fibers. The plasma treatment produced a significant effect on the physical
properties of the panels. Furthermore, with the appearance of microvoids on the surface of the material,
there was better penetration of the resin, which contributed to reducing the content of the voids available
for absorbent liquids. The values of A and Sw were reduced by 10% and 35%, respectively. The panels
made with treated fibers exhibited average Sw values of between 21.3% and 13.3%. These values are
lower than the maximums established in the ISO 16894:2009(E) standard [43] for oriented strand boards
(OSB) with a thickness greater than 5 mm used in dry conditions. Furthermore, the dimensional stability
of TR-BF-P (Sw < 15%) suggests that they could be used as substitutes for conventional OSB in the
construction of structural boards for use in humid conditions.

The absorption capacity of the panels made with treated fibers was compared with the maximum values
established in EN 622 for medium-density fiberboards for use in dry and humid environments [44]. The
results are presented in Table 6. On comparing the results, it is possible to see that the absorption
capacity of the non-conventional panels varies between 14.80% and 31.1%. These values are lower than
the maximum values established for commercial MDF panels [44].

Table 6: Comparison between absorption capacity of non-conventional panels and requirements for MDF
exposed to different environmental conditions

Panels A (%)
TR-RF-P 31.1+£29
TR-HF-P 239+19
TR-SF-P 30.8 £3.6
TR-BF-P 148 £2.0
MDF dry condition <35

MDF humid condition <32
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The mechanical properties of the panels subjected to axial loads was evaluated. The average basic tensile
and compression stresses as a function of the unit strain are presented in Figs. 9 and 10. When analyzing the
experimental results, an increase of between 15% and 50% in the tensile and compression strength of
the panels reinforced with treated fibers can be observed. On the other hand, the selection of the
reinforcement influenced the maximum strength of the specimens. TR-BF-P specimens exhibited the
highest average strength values (41.6 MPa in tensile and 33.3 MPa in compression), while TR-SF-P
exhibited the lowest values (15.22 and 10.8 MPa, respectively). Furthermore, an increase in stiffness in
the elastic region and in toughness can be observed in all the panels made with the treated fibers. The
maximum strength and the modulus of elasticity were determined by means of the numerical model
developed using commercial finite-element software. Differences of less than 15% were found between
the experimental and the numerical results, which are presented in Table 7. Similar results were obtained
by Chen et al. [45] when they analyzed the mechanical behavior of conventional OSB panels subjected to
axial loads.
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Figure 9: Tensile strength as a function of strain
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Figure 10: Compression strength as a function of strain
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Table 7: Comparison between experimental and numerical results

Panels Tension parallel to surface Compression parallel to surface
Gt(exp) Gt(num) Et(exp) Et(num) Ge(exp) Ge(num) Ec(exp) Ec(num)
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
NT-RF-P 17.7+2.1 18.67 2140+ 16 2289 13.3+1.2 14.76 1372 £ 17 1567
TR-RF-P 20.3+3.6 21.39 2460 £21 2598 16.1 £ 1.8 17.85 1683 £ 11 1726
NT-HF-P 27.7+4.5 29.21 2358 £34 2531 152 +2.8 16.06 1692 + 14 1781
TR-HF-P 31.6+2.7 33.56 2649 £21 2875 20.9 +£3.4 23.62 2316 +27 2579
NT-SF-P 14.3+2.3 15.64 1720 £ 13 1830 7.7+1.1 8.64 6677 734
TR-SF-P 152429 16.13 1833 £17 1911 10.8 £ 1.9 11.67 920+£9 1045
NT-BF-P 37.4+3.6 39.11 3014 £88 3290 22.4+3.5 2443 1684 + 15 1752
TR-BF-P 41.6+4.2 43.78 3353 £71 3569 33.3+4.3 35.31 2499 + 19 2678

The effect of the surface treatment on the experimental MOR and MOE values was determined by means
of a three-point bending test. The graph of MOR vs. experimental displacement is shown in Fig. 11. An
increase of between 10% and 18% for the bending strength of the panels made with plasma-treated fibers
can be observed. The experimental results were compared with those obtained by the numerical
simulations (see Table 8). TR-BF-P panels exhibited the highest MOR and MOE values (66.43 and
5304 MPa, respectively). On comparing the experimental results with those obtained with the numerical
model, differences of less than 20% were found.

70
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Figure 11: Results of bending tests: MOR, MPa

From the results presented in Figs. 9 to 11, the effect of the surface treatment with cold argon plasma on
the performance of the specimens subjected to tension, compression, and static bending loads can be seen.
Similar results were found by Raghavendra et al. when they analyzed the mechanical properties of hybrid
composites made with bamboo-nettle-based plant fibers manufactured using the vacuum bag technique
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[46]. The increase in the strength and the stiffness of all the panels could be associated with the increase of the
adhesion in the interfacial region of the composite as a consequence of the partial removal of the lignin and
other non-cellulosic compounds usually present in plant fibers. On the other hand, modifying the surface of
the fibers increases their compatibility with the resin used as a matrix (in this case, castor oil), which
contributes to improving the load transfer. Furthermore, it can be seen that the treatment slightly
increased the deformation energy of the panels up to the breaking point.

Table 8: Comparison between experimental and numerical results

Panels MOR (exp) (MPa) MOR (hum) (MPa) MOE () (MPa) MOE 1um) (MPa)
NT-RF-P 3825+ 191 43.99 1284 + 90 1438

TR-RF-P 45.76 + 3.20 51.25 1918 £ 115 2148

NT-HF-P 48.96 + 2.94 57.77 2835 + 255 3155

TR-HF-P 54.91 +2.75 62.05 3442 £ 275 3993

NT-SF-P 29.95+1.20 26.66 884 + 45 760

TR-SF-P 36.53 £2.56 30.32 1283 + 73 1155

NT-BF-P 58.12 £ 4.65 63.93 3340 + 134 3941

TR-BF-P 66.43 + 3.89 77.06 5304 + 186 6100

The bending properties (MOR and MOE) of the treated panels was compared with the minimum
requirements established in EN 310 for the use of the medium-density fiberboards (MDF) in dry and
humid conditions [47]. The results are presented in Table 9. From the results, it can be seen that the
panels made with plasma-treated plant fibers have resistance values between 36.53 and 66.43 MPa. These
values exceed by more than 60% the minimum values established for commercial MDF boards for
general use (22 MPa in dry environments and 26 MPa in humid environments). Analyzing the flexural
elasticity modulus, it can be seen that the TR-HF-P and TR-BF-P panels exhibit MOE values greater than
2500 MPa (3442 and 5304 MPa, respectively). These results show the viability of its use as a substitute
for commercial MDF boards in those applications in which the material must guarantee good resistance
and rigidity, such as interior and exterior wall coverings. On the other hand, it can be seen that although
the TR-RF-P and TR-SF-P panels have high MOR values (45.76 and 36.53, respectively), the elastic
modulus values are lower than the minimum specified in EN 310, which could be a limitation for its use
in applications that require restricting the deformations that occur in the structure [47].

Table 9: Comparison between static bending properties of non-conventional panels and requirements for
MDF exposed to different environmental conditions

Panels MOR (MPa) MOE (MPa)
TR-RF-P 45.76 £ 3.20 1918 £ 115
TR-HF-P 54.91 £ 2.75 3442 + 275
TR-SF-P 36.53 £ 2.56 1283 £ 73
TR-BF-P 66.43 £+ 3.89 5304 + 186
MDF 41y conditions >22.00 >2200

MDFhumid conditions >26.00 >2500
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Fig. 12 shows the variation of the load with the vertical displacement of the load cell during the buckling
test. The critical buckling load was identified as the first point on the graph at which the load remained almost
constant for increasing displacements once the elastic deformation phase had been exceeded. Pcr values of
between 2490 and 6330 N for the panels made with untreated fibers were observed, while the panels made
with treated fibers exhibited an increase of up to 60% in the Pcr values. The NT-SF-P panels exhibited lateral
instability for lower load values, and the TR-BF-P ones exhibited higher buckling strength. An increase in
load after the structure has entered the buckling state can be observed for all the panels, being more visible in
NT-BF-P and TR-BF-P. This behavior may indicate that a part of the deformations that occur during the
buckling of the panels is of elastic origin, and for that reason they are recoverable. However, other
factors, such as the redistributions of the loads and the support conditions used, can affect the mechanical
response of the material in the post-buckling stage [48]. A numerical model was implemented in order to
obtain the numerical values of the critical buckling load for the first mode of linear buckling. A
comparison between the experimental and the numerical Pcrvalues is presented in Table 10. Differences
between the experimental results and those obtained with the numerical model were lower than 15%.
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—

10000
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Vertical displacement (mm)

Figure 12: Experimental critical buckling load as a function of vertical displacement

Table 10: Comparison between experimental and numerical results

Panels Pcrexp) (MPa) Pcrgum) (MPa)
NT-RF-P 2490 + 249 2762
TR-RF-P 3380 +£213 3671
NT-HF-P 4930 + 346 5167
TR-HF-P 6070 + 379 6319
NT-SF-P 1690 + 151 1932
TR-SF-P 2150 + 178 2431
NT-BF-P 6330 £ 418 6011

TR-BF-P 10,100 + 501 9532
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4 Conclusions

Due to their biodegradable nature and their physical and mechanical properties, the use of plant fibers as
substitutes for synthetic fibers in the manufacture of alternative composite materials has gained interest in
recent years. Non-conventional panels present advantages associated with environmental sustainability,
reduction of greenhouse gases, light weight, and high resistance and rigidity under mechanical loads.

In this paper, fibers obtained from four plant species native to South America were used. The rapid
growth and wide availability of the species used allow the development of a biodegradable and
sustainable material. However, the efficient use of this type of fiber requires deepening the understanding
of both the effect of the treatments that are applied to their surface and of the mechanical performance of
the compounds in which they act as reinforcement.

The surface of the fibers was treated with cold argon plasma. With this treatment, the generation of
chemical waste usually seen with traditional treatment methods, such as mercerization, is reduced. The
effect of treatment with cold argon plasma on the physical and mechanical properties of vegetable fibers
was analyzed. From the results, it can be concluded that the treatment with cold argon plasma
significantly affected the structure and the chemical properties of the fibers. The increase in the O/C ratio
of vegetal fibers, the crystallinity index, and the of length of the crystallites may be associated with the
oxidation of their surface. On the other hand, no significant changes were observed in the characteristic
absorption bands of the main functional groups. This could be associated with a combination of factors,
such as the depth of plasma penetration, the stability of the functional groups, and the specific treatment
conditions.

Another aspect to consider is the appearance of micro voids as a result of the surface treatment. The
results show that increasing the porosity of the fibers increases their capacity to retain liquids and reduces
their density. Although this may represent a negative aspect, once the material is used as a reinforcement
of a biopolymeric matrix, it is possible to increase the penetration of the resin, which contributes to
improving the fiber-matrix interface and reducing the absorption capacity of the biocomposites. At the
same time, the reduction in the density of the fibers favors the production of lighter composites, which
allows reducing the self-weight in structural applications.

Despite the reduction in the strength and stiffness of the fibers, an increase in the mechanical
performance of the panels was observed. The removal of non-cellulosic compounds and some impurities
adhered to the surface of the fibers increased the adhesion between the fibers and the castor oil resin,
improving the transfer of loads and, therefore, the strength and stiffness of the panels.

Understanding the mechanical behavior of biocomposites subjected to different loading conditions is
important for assuring the safety of their use in different engineering applications. An analysis of the
stresses and deformations that occur in the material when it is subjected to different loading conditions
contributes to establishing selection criteria in accordance with its possible use. The physical and
mechanical properties of TR-RF-P, TR-HF-P, and TR-SF-P encourage their use as a substitute for MDF
panels, OSB boards, and other conventional composites frequently used as non-structural interior panels
(in partition walls, floors, and non-load-bearing prefabricated elements). The strength, stiffness, and
dimensional stability of TR-BF-P are compatible with the minimum value requirements for the use of
MDF, and OSB for structural purposes in humid conditions. However, the evaluation of the physical and
mechanical properties of the material must be complemented with an economic feasibility study that
allows evaluating the costs of using the material on a large scale.

Finally, the development of numerical models that validate the experimental results with an acceptable
level of reliability is an important tool that allows predicting the behavior of the material, thus optimizing the
design and manufacturing processes.
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