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Abstract: This work aims to manufacture and characterise a bio-composite material reinforced with natural papaya
fibres using castor-oil polyurethane as the matrix phase. Samples are fabricated through hand lay-up and uniaxial
compaction. Papaya fibres are extracted as laminas of a honeycomb-like structure, whose elongated cells line up in
a single preferred direction. These laminas present a set of quasi-periodic holes along its surface, owing to the
emergence of stems during the growing cycle of the plant. The influence of these holes on the mechanical
properties of the laminates was investigated, as well as different morphologies (without holes, alternating holes,
coincident holes and randomly oriented ground fibres (length ranging from 5-20 mm). The data are analysed via
Analysis of Variance (ANOVA) to assess the influence of the different morphologies on the tensile and flexural
modulus and strength of the fabricated composites. Results reveal the potential of papaya fibres as a reinforcement
phase in polymeric composite materials.
1. Introduction

The scientific and technological interest in composite materials has lately grown, considering its diverse
applications in industrial sectors such as aeronautics, automotive and biomedical. In particular, sustainability and

environmental issues have recently intensified the research on natural fibres in material science and engineering,
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owing to their low cost, moderate mechanical resistance, low specific weight, biodegradability and obtention from

renewable resources [1].

The most versatile natural polymer is castor oil, widely used as a raw material in the production of various
products, such as paints and lubricants [2]. Castor bean (Ricinus communis) is abundant in Brazil and can be found
in tropical and subtropical regions with low humidity. According to Milanese, 2008 [3], the leading producers of
castor oil are Brazil, China and India. Tests carried out on polyurethane foams prove the good biodegradability of
this material in the presence of fat-degrading microorganisms [4]. Castor-oil-based polyurethanes are thus an

attractive alternative renewable material, according to the concept of sustainable development [5].

Carica papaya, a species of the Caricaceae family, is widely cultivated in tropical and subtropical regions. Brazil
is the world's second-largest producer of this fruit, surpassed only by India [6]. Even though Carica papaya does not
contain wood, these plants can reach up to 10 meters in height [7]. The strength of the stem is provided by fibre
layers that constitute the bark. Each layer consists of a fibre mesh with an anisotropic, honeycomb-like cellular

structure, where the elongated cells align in a preferential direction. [7-9].

Kempe et al. [8] reported that papaya bast fibres present tensile modulus and strength of up to 10 GPa and
100 MPa, respectively. Although these values are comparatively lower than those of natural fibres in general [10-
11], the density of the papaya fibre is one of the lowest in the plant kingdom (approximately 0.86 + 0.07 g/cm?3) [8-

12], and this makes the specific properties of the fibre attractive to produce sustainable composite materials.

To the best of these author's knowledge, this work represents the first attempt to investigate fully sustainable
composites with papaya fibres and castor-oil-based biopolymer considering different types of fibre morphologies.
One-way ANOVA and Tukey's test were used to evaluate the effects of the different morphologies on the tensile
and flexural properties of the fabricated composites.

2. Methodology

2.1.Materials
Castor oil-based polyurethane (AGT 1315) was supplied by Imperveg (Brazil). Papaya fibres are extracted from

papaya trees in the midwest region of the state of Minas Gerais (Brazil).

2.2.Fibre extraction & Composites manufacturing process
The extraction of papaya bast fibres follows the process described by Kumaar et al. [13]. The fibre extraction

process from Carica papaya plants consists of cutting the stem and immersing it in water for 15 days to remove the
core (parenchyma) of the stems. This material is removed manually and discarded, while the remaining bark is again
immersed in water for an additional period of 15 days, after which fibre layers can be manually extracted, water-
rinsed and dried in the shade for a week. This extraction process is environmentally friendly, and no chemicals are
required. Papaya fibre layers are initially cut (or ground, in the case of short fibres) according to the dimensions
required by the standards of the respective tests. Short fibres are ground in a knife mill, with an approximate size

of 5-20 mm. The fibre layers are pre-compacted at 20 MPa for 10 minutes before use.

Composite laminates are manufactured according to the levels of the morphological factors (Table 1), using

hand lay-up followed by cold uniaxial compaction. The fibre grammage is fixed at 0.15 g/cm?, determining the
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number of layers used. The corresponding fibre mass fraction varies from 40 to 60% (fibre volumetric fraction from
46 to 66%). Each layer is placed one by one in a metallic mould (300 x 300 mm?), pouring part of the total volume
of the biopolyurethane adhesive to ensure proper wetting. This biopolymer is a two-component adhesive that
consists of a prepolymer (methylene diphenyl diisocyanate) and a polyol mixed respectively in a 1:1.2 mass ratio,
according to the manufacturer's recommendations. The mould is previously covered with a plastic film to provide
a better surface finish. A lid closes the mould, and a pressure of 654 kPa is applied for 24 hours, after which the
composite plate is demoulded and wrapped in plastic for post-cure to avoid moisture absorption. Subsequently,
these samples were sent to the Bristol Composites Institute (University of Bristol, UK), where individual samples

were laser-cut and tested according to the respective ASTM standards.

Table 1. Experimental conditions investigated.

Experimental Condition Morphology
NoH No holes
AltH Alternating holes
CoH Coincident holes
Rnd Randomly oriented ground fibres

3. Results and Discussions
Table 2 presents the mean value and standard deviation for all mechanical responses analysed, considering

three samples and two repetitions for each experimental condition. Table 3 shows the parameters obtained via

Analysis of Variance (ANOVA) for the means of these response variables.

Table 2. Descriptive statistics of the response variables investigated.

Tensile Flexural
Experimental
. Strength Modulus Strength Modulus
conditions
(MPa) (MPa) (MPa) (GPa)
NoH 100£52 11.01 40.1+5.2 0.46x0.17
AltH 87140 15.0+4.7 35.612.5 0.40+0.13
Replical
CoH 114+38 16.1+3.3 39.3+1.0 0.44+0.03
Rnd 26.1+4.5 2.43+0.26 13.845.2 0.11+0.04
NoH 77.79 14.5+7.7 4716 0.50+£0.30
AltH 94135 14.5+4.3 38.819.5 0.39
Replica2
CoH 121+17 16.0+2.0 42.745.7 0.44+0.09
Rnd 31.0£1.2 2.96+0.39 13.28 0.09
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Table 3. One-way ANOVA for response variables.

Tensile Flexural
Experimental Factor:
Strength Modulus  Poisson’s ratio Strength Modulus
Morphology
P-value £0.05 0.002 0.001 0.202 0.002 0.000
Rédj 93.74% 95.13% 38.62% 94.84% 98.92%
P4p-value > 0.05 0.612 0.076 0.684 0.904 0.986

The factor under analysis is the morphology of the composites (Table 1), considered significant for the response
variable when the P-value is less than or equal to 0.05, that is, at a 95% confidence level. The Rédj values associated
with the response variables for which the morphology has a significant effect are greater than 88%, indicating good
predictability of the underlying linear statistical model used in ANOVA. The Anderson-Darling normality test is used
to validate the statistical analysis; P-values should be greater than or equal to 0.05, indicating that the data follow
a normal distribution. All the averages presented in the graphs of the effects of the response variables are analysed
using a multiple-comparison (Tukey's) test to assess equivalence between average pairs; equal letters represent
equivalent means.

3.1.Tensile Tests

The tensile strength values vary from 26 to 122 MPa, while the modulus of elasticity values range from 2.4 to
16 GPa (Table 2). Such values are comparable, although generally lower, to those obtained for the longitudinally
oriented papaya-epoxy composites (investigated elsewhere [14]), a fact attributed to the matrix properties since
the tensile properties of castor-oil biopolyurethane are inferior when compared to epoxy [15]. However, it is worth
mentioning that papaya fibres provide an efficient reinforcement. The tensile modulus is 6.8 — 40 times higher, and
the tensile strength is 2.6 — 10.6 times higher relative to the pure resin (0.4 GPa and 11.1 MPa, respectively [15]).
Moreover, the use of biopolyurethane results in a fully sustainable and biodegradable composite.

3.2.Flexural Tests

The flexural strength of the laminates varied from 13.28 to 47 MPa and, the modulus of elasticity, from 0.1 to
0.48 GPa (Table 2). These values are lower than those found for the papaya epoxy composite with longitudinal

fibres, a fact attributed to the matrix properties [14].

Table 4 presents the mean value for the mechanical responses investigated for each experimental condition
considered. It is noteworthy that laminates made with continuous laminas with or without holes present
statistically equivalent means, except for flexural modulus, which is higher for laminates without holes. Laminates
with randomly oriented fibres display a significant reduction in tensile (and flexural) strength and modulus relative

to other morphologies, as most fibres are not oriented in the load direction. The ANOVA was also performed
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excluding the level with randomly oriented ground fibres since this morphology is dramatically different from the

others. The analysis, including Tukey's test, also leads to the same conclusions drawn above from Table 4

Table 4. Mean values and Tukey's test for the mechanical responses analysed.

Experimental Tensile Strength Tensile Modulus Flexural Strength Flexural Modulus
condition (MPa) (GPa) (MPa) (GPa)
NoH 89 (A) 12.8 (A) 44 (A) 0.48 (A)
AltH 91 (A) 14.8 (A) 37.2 (A) 0.40 (B)
CoH 118 (A) 16.1 (A) 41.0 (A) 0.44 (AB)
Rnd 28.6 (B) 2.70 (B) 13.5(B) 0.10 (C)

4. Conclusions
Papaya bast fibres provide an efficient reinforcement to castor-oil polyurethane. The tensile modulus

(strength) is 6.8 — 40 (2.6 — 10.6) times higher relative to the pure resin (0.4 GPa and 11.1 MPa, respectively).
Randomly oriented fibres offer inferior results for tensile and flexural properties (60%-80% lower relative to
morphologies with continuous fibrous laminas). Moreover, the use of biopolyurethane results in a fully sustainable
and biodegradable composite. Tukey's test shows that the mean values for tensile and flexural strength as well as
for flexural modulus are equivalent for the three types of morphology with continuous fibrous laminas (alternating,
coincident and without holes). Such findings imply that holes do not play a significant role in reducing the
mechanical properties of the composite laminates. This observation is important as the presence of holes is an
intrinsic characteristic of papaya fibre laminas. The selection of large regions without holes is complex and would
lead to the disposal of most of the material. Similar observations have already been reported elsewhere for papaya-
epoxy laminates.
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