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ABSTRACT KEYWORDS
One of the most important agricultural products in the northeast of Portugal is Chestnut hedgehog spine;
sweet chestnuts. In this region only, several tons of this product are produced natural fibers; composite;
every year. Sweet chestnuts are enclosed in a hedgehog covered with a large polyester; mechanical
number of short and fine spines and containing more than one nut. This  Properties; manufacturing
hedgehog, with long spines, does not have any commercial value, and the factors
genog, g spines, y , Yy
are considered an agricultural waste that is left in the fields to be incorporated
into the soil. In this work, the authors propose to study the influence of some
factors in the short-fiber non-woven chestnut hedgehog spine-reinforced
polyester composite performance. For this purpose, the tensile properties of
chestnut spines were determined by implementing a design of experiments
(DOE) approach developed by Taguchi. Thus, the factors that will be controlled
are the fiber dispersion which is defined by fiber/matrix mass ratio or weight
fraction, the interfacial strength that could be improved using an alkali-silane
treatment and, finally, the moisture level in the fibers. For each factor, three
levels were used, an Ly orthogonal array of experiments was implemented to
evaluate tensile and flexural properties. These properties were determined
based on results of 54 tests, and the maximum mean values for tensile and
flexural strength were 23.5 MPa and 33.6 MPa, respectively. The most influen-
tial factor for maximizing the tensile strength was the volume fraction of fiber
with a contribution of 30%, and most influential factor for maximizing the
flexural strength was the moisture level with a contribution of 65%. The
determined mean value of tensile strength of the spines was 148 MPa.
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Introduction

Opver the last decade, an increased interest in using natural fibers in situations where synthetic fibers (i.e.,
glass, carbon or Kevlar fibers) can be substituted has been observed. Natural fiber composites (NFCs)
have important advantages because these are considered a renewable resource, for which the production
requires less energy. It involves CO, absorption, whilst returning oxygen to the environment and can be
produced at lower cost than synthetic fibers (Lee, Kim, and Yu 2009). However, NFCs have also some
limitations, namely, lower durability than the synthetic fiber composites and a greater variability of
properties (Lee, Kim, and Yu 2009). Nevertheless, all these characteristics can vary profoundly depending
on many factors, such as fiber selection, matrix selection, interfacial strength, fiber dispersion, fiber
orientation, composite manufacturing process and porosity (Pickering, Aruan Efendy, and Le 2016).

Natural fibers are, usually, classified based on their origin, which can be mineral, animal or vegetal.
Animal fibers consist of proteins (wool or silk) while plant fibers are composed of cellulose (John and
Thomas 2008). Nowadays, the natural fibers which have origin in plants are the most used to manu-
facture NFCs due to its suitability for use in composites with structural requirements. On other hand,
plant fiber can be grown in many countries and can be harvested after short periods. Natural fibers are
constituted mainly by cellulose, lignin, hemicellulose, pectin, and waxes, and they can be considered,
themselves, as natural composites containing mostly cellulose fibrils embedded in lignin matrix. The
nature of cellulose and its crystallinity has an important role in the reinforcing efficiency of natural fiber.
Cellulose fibrils are aligned along the fiber length, ensuring the maximum tensile and flexural strengths
and, additionally, providing rigidity. These mechanical characteristics can be compared with synthetic
fibers, commonly with E-glass fibers, and natural fibers like flex, hemp and ramie present the highest
specific Young’s moduli and tensile strengths, although it should be realized that much variability is
found within the literature (Pickering, Aruan Efendy, and Le 2016; Dittenber and Gangarao 2012; La
Mantia and Morreale 2011; Bos, Van Den Oever, and Peters 2002). Besides the mechanical properties,
the fiber’s geographic availability plays a significant role in fiber selection (Abdollah et al. 2015). For this
reason, the authors of this work have chosen a natural fiber, chestnut hedgehog spines, which is very
common in their region, the northeast of Portugal, and which are, usually, considered an agricultural
waste at the end of nut harvest season. Chestnut hedgehog spines usually have lengths between 15 and
30 mm, which leads to considering them as short fibers.

The interfacial adhesion between fiber and matrix plays a fundamental role in the mechanical properties
of composites because a good interfacial adhesion is required to achieve a good reinforcement. However, if
the interface is to strong and the cracks could propagate, which can reduce the toughness and strength.
Nonetheless, for plant-based fiber composites, the interaction between the fibers, which are usually
hydrophilic, and the matrices, which are generally hydrophobic, is very limited, leading to a low interfacial
adhesion, which affects the mechanical properties. In contrast, low humidity decreases the resistance and the
mechanical properties over a long period. To assure a good adhesion, matrix and fibers must be very close
and, as is usual in any adhesion phenomenon, the property of wettability is essential to guarantee the
adhesion between the adhesive and adherent. In this case, insufficient wetting of the fibers causes interfacial
defects, which can act as stress concentrators (Chen et al. 2006) and affect the mechanical properties (Wu
and Dzenis 2006). There are different kinds of fiber surface treatments, that can be classified as chemical and
physical, and that can improve the fiber wettability and, consequently, improve the interfacial strength
(Bénard, Fois, and Grisel 2007; Sinha and Panigrahi 2009; Liu et al. 2008). Interfacial adhesion may take
place by different mechanisms, namely mechanical interlocking, chemical bonding, inter-diffusion bond-
ing, and electrostatic bonding (Matthews and Rawlings 1999). In this work, the authors used a chemical
surface treatment, which approach includes many different techniques using chemical products like acetyl,
benzyl, titanate, peroxide, zirconate, acryl, permanganate, alkali, and silane, among others (Kabir et al.
2012), that can be used singly or in combination (Rong et al. 2001). However, the most commonly used
products are alkali, acetyl, and silane (Ismail, Shuhelmy, and Edyham 2002; Mori et al. 2018). Alkaline
treatment consists in immersing the fibers in an alkaline solution, usually NaOH, for a period. This
treatment removes fiber constituents including lignin, hemicellulose, pectin, and wax, which exposes
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cellulose and increases the surface roughness per unit area, providing an improved interfacial adhesion (Li,
Tabil, and Panigrahi 2007). Silane treatment generally involves moistening the fibers in a solution of diluted
silane in a water/alcohol mixture that will be broken down into silanol and alcohol in the presence of water.
Silanol reacts with the cellulose OH groups in the natural fibers, forming stable covalent bonds in the cell
walls (Agrawal et al. 2000). Silane treatment improves the amount of reticulation in the interface region and
increases the fiber surface area, causing a stronger adhesion between the matrix and the fiber (Huda et al.
2008).

A factor that has a great influence over the short-fiber composite properties is the fiber dispersion,
particularly for NFCs which normally have hydrophilic fibers and hydrophobic matrices (Mohammed
etal. 2015). The fiber dispersion can be influenced by fiber volume fraction (Pan 1993) and by processing
parameters like pressure and temperature (Muthuraj et al. 2016). Also, more efficient mixing process
implementation, such as using a twin-screw extruder rather than a single-screw extruder, leads to better
fiber dispersion. However, this process leads to important fiber damage and, consequently, their
substantial length reduction (Beckermann and Pickering 2008). In conclusion, it is possible to say that
good fiber dispersion foments good interfacial bonding, reducing voids by guaranteeing that fibers are
totally surrounded by the matrix (Peltola et al. 2011). In the present work, the authors analyze the
influence of fiber volume fraction which affects, directly, NFC mechanical properties (Arib et al. 2006;
Dhakal, Zhang, and Richardson 2007; Brahim and Cheikh 2007).

Fiber characterization

As far as the authors are aware, chestnut hedgehog spine mechanical characterization is not
available, provided by any study. For this reason, tensile tests have been performed to determine
the fiber tensile strength and to calculate the material density.

To calculate the chestnut hedgehog spine density, firstly, different spines were cut proximally with the
same dimensions and measured by optical measurement process using a microscope (Mitutoyo TM-
505B). The cut spine samples were dried in an oven for 24 h at 80°C (Zhang et al. 2014), weighed on
a precision balance (ADA 210C from Algen Scale), and measured again with the referred microscope.
The calculated densities, its mean value (MV) and standard deviation (SD) are presented in Table 1.

To determine the tensile strength of chestnut hedgehog spines, eight spine samples were prepared and
individually measured, determining that its mean length and section were of 24.6 mm and 0.43 mm?,
respectively. For the tensile test, the test instrument Instron Electro Plus E1000 with the displacement
control device was used, and the test speed was 0.5 mm/s. In Figure 1, it is possible to observe an example of
the outputted stress—strain curve of one tensile test and the sample fixed in position on the test device grips.

The tensile strength value determination was obtained from the eight tensile tests. The results are
presented in Table 2.

Table 1. Calculated densities of hedge-
hog chestnuts spines.

Density [g/
Sample cam’]

1.650
1.515
1.233
1.277
1.304
Average 1.396
Standard Deviation 0.179

Vb wWN =
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Figure 1. Stress—strain curve for one of eight tensile tests (a) and the fixation of the spine at the grips (b).

Table 2. Determination of hedgehog chestnuts spines
tensile strength.

Sample Tensile strength [MPa]

124.0
176.2
103.8
1313
169.9
157.5
195.2
127.9
Average 148.2
Standard Deviation 31.2

ONO VDA WN =

Experimental procedures
Experimental design

To perform a correct experimental design, it is required to identify the significant quality character-
istics and to select the predominant control factors. In composite materials, it is possible to control
three kinds of factors, which are related with the fiber (Pickering, Aruan Efendy, and Le 2016), the
matrix (Luo and Netravali 1999) and the interface between both (George, Sreekala, and Thomas
2001). In this work, the authors have focused on the fiber and on the interface, specifically, on the
volume fraction, the fiber moisture and on the fiber surface treatment influence on the adhesion with
the matrix. The quality characteristics used to evaluate the changes in the control factors were the
tensile strength and the flexural deflection. After defining the control factors and the quality
characteristics that will be controlled, it is necessary to define the number of control factor levels
(Rocha, Ribeiro, and Queijo 2017). The levels of volume fraction were chosen based on the works
developed by Pan (1993) and Messiry (2013), and, using their approach, it is acceptable to process
composites within a range of 50-70% for short fibers with dimensions similar to chestnut hedgehog
spines. Humidity level influence on the composite performance has been studied for a long time
(Shen and Springer 1977). However, only recently these studies have focused on composites with
natural fibers (Bledzki and Gassan 1999). Dhakal, Zhang, and Richardson (2007) analyzed the effect
of water absorption on the mechanical properties of hemp fiber-reinforced unsaturated polyester
composites, and they verified that hemp fiber could absorb up to 12% in weight. For this reason, the
authors chose a range of less than 2% until 12% of water absorption in weight. Finally, for studying
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the adhesion between the fiber and matrix, an alkali-silane treatment with different sodium hydro-
xide (NaOH) concentrations and a sample of composite without any fiber surface treatment was
used. The values of NaOH concentration were chosen in agreement with Asumani, Reid, and
Paskaramoorthy (2012). In their work, they verified that the highest values of mechanical perfor-
mance occurred for the alkali-silane-treated composites with 5% of NaOH. The 2% concentration
also used in this study was chosen because it corresponds to an intermediate value. Table 3
summarizes all control factors and their respective levels.

The experimental design for the three control factors using the Ly orthogonal array is presented in
Table 4, and that was adapted from Ross (1996).

The Ly orthogonal array presents four columns, one column being left empty to include the error
from the experimental tests. One should note that the orthogonality is preserved by including
a fourth empty column.

Based on the described experimental design, nine plates were manufactured, each one corre-
sponding to a different combination of control factors and levels. From each plate, three specimens
were cut for the tensile test and three for the three-point flexural test.

Materials and composite manufacturing

The first step to prepare the composite is spine extraction from the chestnut hedgehogs. This is very
hard work, and for the present study the extraction was done spine-by-spine using nail pliers. In

Table 3. Control factors of composite.

Symbol Control factors Level 1 Level 2 Level 3
A V¢ Volume fraction [%] 50 60 70

B M: Moisture [% in weight] <2 2<M<8 8<M<12
C ST: Surface Treatment Untreated 2% NaOH 5% NaOH

Table 4. Taguchi Lg array.

A B C D
Test number Volume fraction Moisture Surface treatment error
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

Figure 2. Detail of used chestnut hedgehog spines.
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Figure 2, it is possible to observe details of the chestnut hedgehog spines used for the composites.
Naturally, this process to extract the spines is industrially unviable. However, the aim of this study is
to characterize the composite, and in future works concerns will be focused on developing more
efficient ways of spine extraction.

After the extraction of a quantity of cut spines sufficient to manufacture the nine plates,
the second step was to implement the spine surface treatment. This procedure began with the
preparation of NaOH solution at two different concentrations, 2% and 5%. The spines were
immersed in these solutions for 24 h at 25°C temperature, after which they were dried in an oven
for 12 h at a temperature of 45°C. Subsequently, silane treatment was performed by diluting 5% in
weight of 3-aminopropyltriethoxysilane in a 50% aqueous solution of methanol, and its pH was
controlled between 4 and 5 by adding acetic acid. The spines were immersed in the solution for 4
h at a temperature of 28°C, and, after this period, they were washed with distilled water. Finally, they
were dried in the oven at 45°C for another 12 h.

The water absorption control was done by weighing spine samples before and after the dehumi-
dification treatment. Before the increase of water quantity in the spines, a dehumidification treat-
ment was implemented, where they were left in the oven at 80°C for 24 h. To humidify the spines,
they were placed on a grid in a container with water at 45°C temperature. The spines were
periodically taken off the grid, surface-dried with absorbent paper, and reweighed. The water
absorption (WA) was determined using the following equation (Dhakal, Zhang, and Richardson
2007):

(My — M)
WA[%] = v x 100
where M; is the mass of the spine sample before water absorption and My is the mass of spine sample
after the water absorption.

The resin preparation and its mixing with the spines was done immediately after the water
absorption control and when the desired humidity was reached. The composite material matrix is
based on polyester resin to which was added 1% of catalyst to activate the polymerization. The
quantities of resin and fibers are in agreement with the chosen volume fraction. To obtain these
values, the resin and fiber were weighed to guarantee the defined fiber volume fraction (V) based on
the equation indicated by the ASTM D2584 standard:

P X Wy

V:
L o X Wyt py X Wy

where Wy is fiber’s weight, W,, is the matrix material weight, pf is the fiber’s density and p,, is the
matrix material density.

The spines were mixed with the polyester resin (99% resin with 1% catalyst) and, while unpoly-
merized, placed into a two-part mold. This mold was then placed on a press table and subjected to 1
MPa pressure (Batch, Cumiskey, and Macosko 2002). After 12 h of polymerization in the press, the
composite plate was removed from the mold.

The specimens were cut from the composite plates using a laser system (X252 from GCC),
guaranteeing the proper volatile exhaustion. The dimensions and geometry of specimens were

Figure 3. Specimens used for tensile test (a) and for three-point flexural test (b).
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chosen according to the ASTM D3039M and ASTM D790-03 standards. In Figure 3, it is possible to
observe some specimen’s examples used for the tensile tests and three-point flexural tests. For each
composite plate, corresponding to a combination of the different factors and levels, three specimens
for each experimental test were cut, to give a total of 27 for each one.

Mechanical properties

Both tensile and flexural tests were performed using an Instron ElectroPuls E1000 Test Instrument,
equipped with a 50 kg load cell, after conditioning at 25°C according to ASTM standards D3039M
and D790-03, respectively. The test speed used for the tensile specimens was 5 mm/min. For the
flexural test (three-point bending), specimens with nominal dimensions of 75 x 15 x 4 mm?, a span
of 60 mm and a test speed of 1 mm/min were used. Figure 4 shows details of both experimental tests.

For each combination of control factors and levels, the experiment was repeated three times and
the tensile strength, and the flexural strength were determined.

The flexural strength was determined using the equation (Hodgkinson 2000):

. 3FL
T 2bd?

where F is the load at the fracture point, L is the length of the support span, b is the width and d is
the thickness.

Results and discussion

The experimental results obtained by the tensile and flexural tests and the resultant tensile and
flexural strength are shown in Table 5.

The experimental results can be converted into a signal-to-noise (S/N) ratio. Taguchi suggests the
use of S/N ratio to determine the quality characteristics deviating from the desired values.

(a) (®)

Figure 4. The tensile test (a) and the three-point flexural test (b).
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Table 5. Experimental results for mechanical properties.

Experiment number Tensile strength [MPa] Flexural strength [MPa]
1-1 179 12.08
1-2 29 10.50
1-3 18.0 10.24
2-1 5.1 6.08
2-2 11.2 5.93
2-3 15.5 7.09
3-1 15.5 7.16
3-2 11.1 12.79
3-3 20.0 11.06
4-1 214 19.50
4-2 23.1 15.23
4-3 18.5 14.59
5-1 213 6.79
5-2 232 8.10
5-3 6.5 6.75
6-1 8.2 1.70
6-2 9.7 2.46
6-3 0.7 2.86
7-1 2.7 36.56
7-2 33 31.73
7-3 36.3 32.44
8-1 24.6 461
8-2 433 3.40
8-3 2.7 7.46
9-1 79 1.64
9-2 3.1 3.03
9-3 0.3 1.76

Frequently, there are three categories of quality characteristics in the analysis of the S/N ratio, which
are the lower-the-better, the higher-the-better, and the nominal-the-better. The S/N ratio for each
level of control factors is computed based on the S/N analysis. Irrespective of the category of the
quality characteristics, a greater S/N ratio corresponds to better quality characteristics. Then, the
optimal level of the control factors is the level with the greatest S/N ratio. Moreover, a statistical
analysis of variance is accomplished to see which control factors are statistically significant. Using
the obtained results of S/N and ANOVA analyses, the optimal combination of the control factors
and their levels can be predicted. The goal of the present work is the maximization of tensile and
flexural strength, and, for this reason, the category of quality characteristics for S/N ratio is the-
higher-the-better, which is defined by (Ribeiro, César, and Lopes 2017):

S 1.1

i=1 /1

where 7 is the number of observations and y is the observed data.
The S/N ratios for tensile and flexural strength are represented in Table 6.

Table 6. S/N ratio for tensile and flexural strength.

Test number A B C S/N¢s ratio [dB] S/Ns, ratio [dB]
1 1 1 1 13.80 29.23
2 1 2 2 17.73 24.51
3 1 3 3 23.07 28.00
4 2 1 2 26.33 32.63
5 2 2 3 20.34 25.59
6 2 3 1 1.86 15.27
7 3 1 3 11.16 38.99
8 3 2 1 13.33 21.48
9 3 3 2 -5.73 14.24




JOURNAL OF NATURAL FIBERS (&) 9

In Table 6, S/Ny is the S/N ratio for tensile strength and S/Ng is the S/N ratio for flexural
strength.

The signal term in the Taguchi method represents the wanted value (mean) for the output
attribute, and noise represents the unwanted square deviation value for the output attribute. Thus,
S/N ratio is the ratio of the mean to the square deviation. The S/N ratio is used by Taguchi to
measure the quality attribute or characteristics from the wanted value. For the higher S/N ratio, the
better category is applied, with the objective of maximizing the tensile and flexural strength. The
results of S/N for the nine combinations Ly are presented in Table 6. Their analyses allow
discriminating the effect of each control factor for the different levels. The mean S/N ratio for
each control factor at levels 1, 2 and 3 can be computed by averaging the S/N ratios for correspond-
ing experiments. The mean S/N ratio for each level of control factor is presented in Tables 7 and 8,
commonly defined as the mean S/N ratio response for the tensile and flexural strength. The total
mean S/N ratio is 13.54 dB for tensile strength and 25.55 dB for flexural strength.

Figures 5 and 6 show the S/N ratio response graph for tensile and flexural strength, respectively.
One gets a high S/N ratio for smaller variance of tensile and flexural strength around the desired
value. Nevertheless, the relative importance of the control factors for the tensile and flexural strength

Table 7. Response table mean S/N ratio for tensile strength and significant interaction.
Mean S/N ratio [dB]

Symbol Control factor Level 1 Level 2 Level 3 Max-min
A V¢ Volume fraction [%] 18.20 16.18 6.25 11.95
B M: Moisture [% in weight] 17.10 17.13 6.40 10.73
C ST: Surface Treatment 9.66 12.78 18.91 8.53

Table 8. Response table mean S/N ratio for flexural strength and significant interaction.
Mean S/N ratio [dB]

Symbol Control factor Level 1 Level 2 Level 3 Max-min
A V¢ Volume fraction [%] 27.25 24.50 2491 2.75
B M: Moisture [% in weight] 33.62 23.86 19.17 14.44
C ST: Surface Treatment 21.99 23.79 30.86 8.87

Mean S/N ratio

Al A2 A3 Bl B2 B3 Cl1 C2 C3

Control Factors Levels

Figure 5. Mean S/N ratio graph for tensile strength.
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xural Strength

Mean S/N ratio

Al A2 A3 Bl B2 B3 Cl1 Cc2 C3

Control Factors Levels

Figure 6. Mean S/N ratio graph for flexural strength.

still need to be identified more accurately using an ANOVA analysis in order to determine the
optimal combinations of the control factors levels. It can, also, be verified, from Figures 5 and 6
analysis, that the moisture value influences the tensile and flexural strength values. The lower
moisture values correspond to the higher S/N ration which means that produces the lower variance
in the evaluated mechanical characteristics. Thus, it is advisable to maintain the moisture values
under control and with as lowest as possible value.

The goal of the analysis of variance is to determine which design of control factors meaningfully affect
the tensile and flexural strength. This goal is achieved by splitting the variability of the S/N ratios, that is
measured by the sum of the squared deviations from the total mean S/N ratio, in the contributions of each
control factor and the error. The results of variance of each control factor are shown in Tables 9 and 10,
where DF is degree of freedom, SS is sum of squares and MS are the mean squares.

The F-test is a statistic tool to verify which design parameters significantly affect the quality
characteristics. This is defined as the ratio of the mean squared deviations to the mean squared error.

The analysis of the F-test values reveals that, for tensile strength, the volume fraction and the level
of moisture are the most significant control factors, with almost 30% for volume fraction, followed
by the moisture and then the surface treatment, respectively, with 28% and 13% contribution. The

Table 9. ANOVA for tensile strength.

Source DF SS MS F-ratio Contribution [%]
A: VF 2 2454 122.71 1.00 29.50%
B: M 2 229.6 114.80 0.94 27.60%
C ST 2 11.8 55.88 0.46 13.44%
Error 2 2453 122.63 29.48%
Total 8 832 100%

Table 10. ANOVA for flexural strength.

Source DF SS MS F-ratio Contribution [%]
A: VF 2 13.23 6.616 0.43 2.64%
B: M 2 325.79 152.894 10.63 64.97%
C ST 2 131.79 65.895 43 26.28%
Error 2 30.66 15.328 6.11%
Total 8 501.46 100%
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optimal control factors for tensile strength are the volume fraction at level 1, the moisture at level 2
and, finally, the surface treatment at level 3. On the other hand, for flexural strength the most
significant control factors are the moisture and the surface treatment. In this case, the moisture has
a contribution of 65%, the surface treatment contributes with 26% and the volume fraction with only
3%. The control factors which maximize the flexural strength are the moisture level at level 1, the
surface treatment at level 3 and volume fraction at level 1.

Conclusions

The chestnut hedgehog spine mean tensile strength is around 150 MPa, however the standard
deviation is greater than 30 MPa. These values of mechanical properties allow the use of these
natural fibers for structural components which have low loads.

The three control factors of NFCs analyzed were the volume fraction, the fiber’s level of humidity and
the surface treatment. The goal of this work was to maximize the values of tensile and flexural strength,
and for that reason the authors implemented an array of experiments based on the Taguchi L array.

The maximum value of mean tensile strength was 23.5 MPa for a combination of 70% of volume
fraction, a moisture level in fiber between 2% and 8% and without any fiber surface treatment. On
the other hand, the higher mean value for flexural strength was 33.6 MPa, which happened using
a combination of 70% of volume fraction (eighth test of Table 4), less than 2% moisture and a fiber
surface treatment with 5% of NaOH concentration (seventh test of Table 4). However, for S/N
evaluation the results are very different, and the maximum value occurred for test 4 with 26.33 dB.
This difference is related to the measured values, because despite the mean value of test 8 being
higher than the test 4, the variance of this last one is smaller.

From the ANOVA analysis, it is possible to identify the most influential factor for tensile strength,
which is the fiber volume fraction with a contribution of 30%. However, for flexural strength, the
factor that has a stronger contribution is the moisture level with a contribution of 65%.
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