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ABSTRACT

Natural fibers have become a valuable resource in the composite industry; however, their use
is limited due to their low compatibility with traditional polymeric matrices. That low
compatibility promotes low mechanical strength in the composite material. In order to avoid
this, it is necessary to treat the reinforcement material or the matrix before the composite
manufacturing. This paper presents the results of a research aimed to study the effect of two
compatibilization techniques applied to natural fibers, on the mechanical properties of the
composite. The analyzed techniques were sodium hydroxide (NaOH) baths acting as
coupling agent, as well as treatments using a dry etching plasma (physical sputtering).
Natural fibers employed in this research were obtained from Guadua angustifolia bamboo
culms, and the manufacturing of the composite was accomplished using a manual moulding
technique and a polyester matrix. Results revealed that treatments using sodium hydroxide
decrease the fibers’ tensile strength, while the dry etching plasma treatments do not appear
to affect their tensile strength. Moreover, both compatibilization techniques improve guadua-
polyester composites’ strength. It is believed that this increment is the result of the increase
in the bonding strength between composite’s phases.
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INTRODUCTION

Since 1990s, composite materials reinforced by using natural fibers (CNF) have been used
in various industrial applications, as an alternative to those reinforced with synthetic-origin
fibers (CSF) [1]. The main advantage from using natural fibers as reinforcement of different
matrices is their biodegradability, apart from other technical aspects such as low density,
abundant availability, corrosion resistivity, low cost and non/abrasive processing
characteristics, which make natural fibers an important alternative for many engineering
applications [2]. In addition, according to Joshi et al. [3], CNFs are environmentally superior
to CSFs due to three basic aspects: (1) the production of natural fiber produces lower
environmental impacts compared to the production of synthetic fibers; (2) CNFs have higher
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fiber content for equivalent performance, which reduces the amount of matrix needed, which
in most cases are highly polluting; and (3) the end-of-life incineration of natural fibers
generates energy and carbon credits.

Composite materials are formed by a dispersed phase, called reinforcement material or
fibers, embedded into a continuous phase, called matrix. The mechanical properties of
composite materials depend on the properties of fibers and matrices. Additionally, the
adequate mechanical performance of composites is influenced by all physico-chemical
interactions among composite constituents in the interfacial region, where fibers and matrices
are in direct contact [4], [5].

The main disadvantage from using natural fibers as reinforcement of polymeric matrices is
the low chemical compatibility between composite phases, due to the hydrophilic behavior
of fibers and the hydrophobic behavior of polymers [6]-[8]. The low chemical compatibility
brings about an inadequate mechanical behavior of the composite material due to the low
adherence between phases [9]. In literature, there are two main procedures in order to
overcome the limitations arising from using natural fibers as reinforcement of polymers. The
first procedure is focused on the modification of the physico-chemical properties of polymer
matrices, and the second one on the modification of the physico-chemical properties of fibers
[10]. The second procedure is more commonly used for industrial applications. The
modification of the physico-chemical properties of fibers can be achieved by using coupling
agents [11]-[13], making a graft polymerization of monomers compatible with the polymer
matrix [14], or using plasma treatments [15]-[17]

Treating natural fibers by using coupling agents has the main purpose of removing hydroxyl
groups present at the hemicellulose, lignin and amorphous cellulose of natural fibers, which
supply its hydrophilic behavior. Also, this treatment expose the crystalline cellulose that
could react with the polymer matrix employed [18]-[20]. The main disadvantage from using
this kind of treatments is that they could also react with the hydroxyl groups at the crystalline
cellulose region, thus producing a reconfiguration of the fiber’s structure that diminish its
mechanical properties [1], [18], [21]. By using this technique, the compatibilization among
composite constituents can be achieved following a purely chemical approach.

Another innovative alternative to modifying the physico-chemical properties of fibers is by
using plasma treatments. Plasma consists of the ionization of a gas or mixture of gasses, by
applying an electric field to the gas [16], [22]. As a general point of view, there are three
main purposes for applying plasma treatments in material science: surface functionalization,
thin film deposition, and etching [22]-[24]. Etching processes are focused on removing some
material from the surface of the treated substrate [25]. The removal can be achieved by using
a physical sputtering procedure, in which the material is removed by purely physical
processes, due to the ion bombardment from the species present in plasma [17]. The main
advantage from using plasma treatments is that the alterations do not affect the bulk
properties of the material [26]-[29]. By using this technique, the compatibilization among
composite constituents is achieved following a purely physical approach, by increasing the
mechanical grip between the fibers and the polymer.

This paper presents the results of a research aimed to use two different techniques for the



compatibilization between polymers and natural fibers, focused on the modification of the
physico-chemical properties of fibers. The researched techniques were sodium hydroxide
(NaOH) baths acting as coupling agent, as well as treatments using a dry etching plasma
(physical sputtering). The natural fibers were obtained from Guadua angustifolia (guadua)
bamboo culms. The establishment of the influence from used compatibilization techniques
on the mechanical behavior of guadua fibers and a polymer composite material, were made
through mechanical tests. The composite material was fabricated using the manual moulding
technique and a polyester matrix.

EXPERIMENTAL PROGRAM

Guadua Fiber Obtainment

Guadua fibers were obtained by using a chemical-mechanical procedure schematically
shown on Figure 1. The main purpose of the chemical procedure was to soft the culms, after
which a mechanical procedure was followed to separate the fibers. The fiber extraction
procedure starts dividing the culm in longitudinal rectangular strips, which were polished in
order to remove the protuberance at node and to eliminate the culm cortex. Then, the
chemical softening of polished strips was carried out by immersing them during 3h in a 2.5%
concentration NaOH solution, previously heated at 80°C, in which they were maintained
during all the immersion time. In order to obtain the fibers, a mechanical process using the
machine described on [30] was employed. All obtained fibers were carefully washed using
tap water, then they were dried at laboratory temperature. In this research, the bottom part of
guadua culms was used to obtain the fibers. The average length and diameter of obtained
fibers were 91.6mm and 0.22um, respectively.

Roller machine

NaOH solution at 2.5%
heated at 80°C

-l

Culm segment  Rectangular strips Chemical softening Mechanical separation of
guadua fibers

Figure 1. Guadua fibers extraction procedure

Modification of Physico-Chemical Properties of Guadua Fibers

The physyco-chemical properties of guadua fibers were modified in order to increase their
compatibility with polyester matrix. In this research two different treatments were performed
in order to accomplish this modification: sodium hydroxide (NaOH) baths acting as coupling
agent, and dry etching plasma (physical sputtering) treatments. Guadua fibers were treated
using both techniques separately.



In NaOH treatments, guadua fibers were immersed in solution concentrations of 1%, 2.5%,
5% and 10% during 1h. After this time, treated fibers were carefully and deeply washed using
tap water.

In dry etching plasma treatments, guadua fibers were treated at different times of exposure
to ion bombardment using the same energy. These treatments were performed using a DC
sputtering (etching) system and employing Argon (Ar) gas to plasma generation. In a
previous research [31], it was concluded that treating guadua fibers below 1000 s does not
increase the mechanical strength of guadua-polyester composites. Thus, in this research the
guadua fibers times of exposure to ion bombardment were 400, 1000 1500 and 2000 s. All
treatrr12ents were carried out using an average current of 30 = 3 mA and a working pressure
of 10~ kPa.

Composite Fabrication

Compression molding was the manufacturing technique used in this research. Composite
components, i.e. guadua fibers and polyester resin in liquid state, were inserted into a closed
mold which was able to apply a compression load, in order to spread the liquid resin
throughout the mold and evacuate the trapped air. The compression load was maintained
constant until the resin was completely cured. Initially, guadua fibers were randomly placed
into the mold. Then, the polyester resin, previously mixed with the catalyst (added at 2%)
was poured. The resin used in this research was an unsaturated polyester featuring a 555-
commercial reference, while methyl ethyl ketone peroxide (MEKP) was used as catalyst.
Figure 2 shows guadua-polyester composite square plates featuring 200mm of length and
10mm of thickness, which were obtained using this methodology, . All composite plates were
fabricated using a 6% weight fiber proportion .

Figure 2. Guadua-polyester composite square plate

Fibers Tensile Tests

The influence from applied compatibilization treatments on the guadua fiber tensile strength,
was established through tensile testing on non-treated and treated fibers. In order to obtain
results statistically representing fibers’ mechanical strength, 16 replicates were tested for
each treatment condition; this sample size was calculated based on an expected fiber tensile
strength 20MPa error, with a confidence level of 90%. All tests were performed following



the ASTM C1557-14 procedure, using a load rate of 1.5mm/min. Before mechanical tests,
all samples were placed on paper frames as shown in Figure 3, in order to avoid axial load
deviation; and after positioning said frames on testing grips, they were carefully cut.
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Figure 3. Paper frame used on fibers tensile tests

Equation 1 was used to calculate the tensile strength (o) of each tested fiber. In this equation,

P,ﬁax and A’ correspond to failure load and cross-sectional area of each fiber, respectively.
The cross-sectional area of each fiber was determined at its fracture plane, using the
methodology established on a previous research [32], which allows to determine more

accurate measurements.

f
Pmax
O'f = T (1)

Composite Tensile Tests

In order to establish the influence from applied fiber treatments on the guadua-polyester
composites’ strength, tensile tests on composite samples fabricated using non-treated and
treated fibers were performed. For each treatment condition, 8 samples were tested; this
sample size was calculated based on an expected composite tensile strength 2MPa error,
with a confidence level of 90%. Tests were made following the ASTM D3039/D3039M-08
procedure. All samples were prepared by cutting the square plates fabricated following the
methodology described above. Figure 4 shows the average dimensions of composite samples
and the test setup.

The composite tensile strength (¢¢) was calculated using Equation 2, where By, and A€ are
the composite’s failure load and failure area in each sample tested. The failure area was
determined by measuring the width and thickness of the failure plane of each sample, and
was computed by assuming a rectangular shape.

C
o¢ = ()
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Figure 4. Average dimension and test set-up for guadua-polyester composite tensile tests

RESULTS AND DISCUSSION

Figure 5 shows the results of average tensile strength of guadua fibers treated with NaOH
and dry etching plasma. Showed values did not include the outliers, which were identified
using boxplots. In this figure, bars identified by H1, H2.5, H5 and H10 correspond to results
obtained for fibers treated using NaOH at the different solution concentrations. On the other
hand, bars identified by P400, P1000, P1500 and P2000 correspond to results obtained for
fibers treated using dry etching plasma at the different exposure times. Also, Figure 5 shows
each sample group’s standard deviation as error bars.

When separately analyzing each column of Figure 5, guadua fibers show high tensile strength
variability, which is quite characteristic of natural fibers. According to [33], this variation is
the result of three main factors: test parameters/conditions, plant characteristics, and area
measurements. Due that in this research similar parameters and conditions during all tests are
used, as well as a methodology to measure the cross-sectional area with high accuracy, the
variation could be mainly attributed to differences in raw material (guadua culms), fiber’s
microstructure, and to the errors inherent in the experimental procedure. The non-treated
fibers’ standard deviation is lower as compared to that from applied treatments. This
difference may arise from anisotropic changes induced by applied treatments on fiber’s
microstructure.

As shown in Figure 5, both compatibilization treatments applied on guadua fibers decrease
the tensile strength of treated fibers; the decrease is more significant for NaOH treatment as
compared to the decrease from dry etching plasma.
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Figure 5. Average tensile strength for treated guadua fibers

Figure 6 shows the average tensile strength results of guadua-polyester composite. Showed
values do not include the outliers, which were identified using boxplots. As in Figure 5, the
bars identified by H1, H2.5, H5 and H10 in this figure correspond to the results obtained for
composites fabricated using fibers treated with NaOH at the different solution concentrations,
and the bars identified by P400, P1000, P1500 and P2000 correspond to the results obtained
for composites fabricated using fibers treated with dry etching plasma at the different
exposure times. Also, the error bars in this figure show each data set’s standard deviation.

When comparing the values showed in Figures 5 and 6, it can be noticed that the guadua-
polyester composite’s tensile strength is clearly lower than the guadua fibers’ tensile strength.
This behavior was expected, since as shown in Figure 2, the composite material
reinforcement was randomly applied, thus reducing the fibers’ effectiveness to resist loads.
Also, it can be seen that the composites’ standard deviation is lower than the one obtained
for fibers. Since the reinforcement percentage is low, the variation is controlled by polyester
resin, which is produced in an industrialized process that could guarantee more standardized
properties.

It can be seen that all applied compatibilization treatments increased guadua-polyester
composites’ tensile strength. In general terms, the composite tensile strength increase for
both compatibilization treatments is similar. Regarding NaOH treatments, the maximum
tensile strength was obtained for composites reinforced with fibers holding 2.5% solution
concentration. In the case of dry etching plasma treatments, the maximum tensile strength
was obtained for composites reinforced with fibers treated during 1000 s.
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Figure 6. Average tensile strength for guadua-polyester composite

A statistical analysis was performed in order to identify significant differences between
average results obtained for fibers and guadua-polyester composites when applying the used
compatibilization techniques. Initially, through the Shapiro-Wilk tests, it could be verified
whether each data set distribution was normal. The homoscedasticity was verified among the
data collected through the Levene’s test. An ANOVA analysis was applied in the cases in
order to fulfill both normality criteria and homoscedasticity; as for the opposing cases, the
Kruskal-Wallis test was used. In all cases, the significance level used was 0.05.

The Kruskal-Wallis test performed for average fibers’ tensile strength pointed out variations
among some of the values obtained. However, there are no differences among the average
fiber’s strength regarding non-treated, H1, H2.5 and all cases using dry etching plasma. In
contrast, the tensile strengths obtained for H5 and H10 cases are substantially lower as
compared to other cases. A previous research revealed similar results for the same
compatibilization technique [34], [35]. Treating natural fibers with NaOH could cause a
degradation of their crystalline cellulose, which is the constituent that governs the mechanical
performance thereof [36], [37]. According to obtained results, this degradation starts to be
significant at values equal to 5% solution concentration and higher. As previously mentioned,
the main advantage of plasma treatments is that they do not affect the bulk properties of
treated material.

Similarly, in the case of guadua-polyester composites, ANOVA analysis revealed significant
differences among some obtained values. The lower tensile strength was obtained for



composites samples fabricated using non-treated and H1 fibers, while the higher values were
obtained for samples using P1000. Statistically, the average strengths for the samples using
H2.5, H5, P400 and P1500 fibers are similar, which also happens to be the case for the
samples using H10 and P2000 fibers.

CONCLUSIONS

The studied techniques used in this research to modify the physico-chemical properties of
fibers, can be used to make a polyester matrix more compatible with guadua fibers. Tensile
strength obtained for composites fabricated using non-treated guadua fibers is lower than the
strength obtained for samples fabricated using treated fibers. The maximum composite
tensile strength was obtained for samples fabricated using fibers treated with dry etching
plasma during 1000s.

From the statistical analysis, it can be concluded that treating guadua fibers with NaOH could
decreased the fibers’ tensile strength. This decrease could be the result of a degradation of
the crystalline cellulose caused by the chemical treatment. On the other hand, treating guadua
fibers with dry etching plasma does not affect their tensile strength. As explained in the
related literature, plasma alterations do not affect the bulk properties of treated materials.
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