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Abstract: In the contemporary world, 
natural lignocellulosic fibers (NLFs) 
reinforced polymer composite materials are 
of great interest owing to their eco-friendly 
nature, lightweight, life-cycle superiority, 
biodegradability, low cost, and improved 
mechanical properties. Based on this, the 
present study aims to determine the impact 
resistance of polyester matrix composites 
reinforced with mallow and piassava fibers 
through Charpy impact tests. The fibers were 
used as-acquired, without surface treatment, 
under environmental conditions, and cut 
to a length of 15 mm. The specimens were 
manufactured by manual molding (hand 
lay-up) using silicone molds and without 
pressure. The impact tests were carried out on 
specimens reinforced with discontinuous and 
randomly oriented fibers, for mass fractions 
varying according to the volumetric capacity 
of the mold. The absorbed energy increased 
from 31.50 ± 3.26 kJ/m2 for the unreinforced 
polyester to 78.59 ± 1.58 and 78.44 ± 1.44 kJ/
m2 for the mallow and piassava reinforced 
composites, respectively. To statistically 
validate the level of reliability and significance 
of the Charpy impact test results, Weibull 
analysis was performed. Furthermore, a 
fractographic analysis was carried out using 
scanning electron microscopy (SEM) to 
analyze in detail the fracture surfaces of the 
tested samples and understand the failure 
mechanisms of each composite material.
Keywords: Mallow and piassava natural 
fibers, polyester resin, Charpy impact test, 
composite materials.

INTRODUCTION
Sustainable development is an 

internationally widely recognized concept, 
even though there is a lack of consensus on the 
means and methods of its development [1]. 
The concept emphasizes the need to consider 
both the current and future generations when 

making decisions. Eco-materials have been 
defined as a set of materials that should help 
reduce the environmental impact of human 
activities, and many researchers are working 
within this framework to develop eco-friendly 
materials that can play a leading role in 
promoting sustainable development [2,3]. 

Composite materials, due to their 
advantageous mechanical characteristics and 
light weight, are continually evolving towards 
products that are the most efficient and least 
expensive possible. They are increasingly used 
in various industries, such as the automotive, 
aeronautics, marine, and sporting goods 
sectors, among others [4,5]. In particular, 
the use of plant fibers as reinforcement of 
composite materials is expanding in various 
sectors of activity, like the automotive 
industry, where textiles have been used for 
years to reinforce the plastics applied in cars, 
as they offer excellent insulation and are based 
on sustainable cellulose [6,7].

Synthetic-reinforced composite materials, 
such as aramid, carbon, and glass fibers, 
have numerous applications in various 
fields, including automobile, construction, 
and aeronautics [8]. Among these materials, 
glass fibers are the most popular due to 
their unique mechanical properties and low 
production cost. However, using synthetic 
fibers might be harmful to human health and 
the environment, causing issues such as skin 
allergies and lung cancer [9]. 

As a solution to these issues, 
environmentally friendly materials such as 
natural fibers are gaining popularity in the 
composites industry [10,11]. Natural fibers 
can come from various sources, including 
plants (such as linen, hemp, jute, and cotton), 
animals (like wool and silk), and minerals 
(such as asbestos) [12]. However, some types 
of natural fibers have been banned in many 
countries due to health concerns, such as 
cancer caused by asbestos [13,14].
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Despite these concerns, natural 
lignocellulosic fibers (NLFs) are still widely 
used in the composites industry, with a 
variety of types available, including bast (such 
as flax, jute, ramie, hemp, and kenaf), seed 
(like cotton, coir, and kapok), leaf (such as 
pineapple, abaca, and sisal), grass and reed 
(like corn, rice, and wheat), kernel (such as 
hemp, jute, and kenaf), and even roots and 
wood [12,15].

In view of this, the present work 
evaluates the Charpy impact resistance of 
polyester matrix composites reinforced with 
discontinuous and randomly oriented mallow 
and piassava fibers, contributing to the search 
for new materials that are more sustainable 
alternatives, with economic viability and 
appropriate technology.

MATERIALS AND METHODS

MATERIALS

POLYESTER RESIN
The polymer matrix used was pre-

accelerated orthophthalic, unsaturated 
polyester resin, crystal, produced by CENTER 
GLASS (Salvador, state of Bahia, Brazil). 

The curing agent used was MEK peroxide 
in a proportion of 0.33% (v/v), following the 
procedure established by Rodrigues et al. 
[16], who tested different proportions (v/v) of 
MEK-P curing agents in unsaturated polyester 
resin, defining 0.33% as the proportion 
with the longest workability time with good 
mechanical properties.

NATURAL LIGNOCELLULOSIC 
FIBERS (NLFs)
The NLFs used were mallow (Urena lobata) 

and piassava (Attalea funifera Mart) and 
commercially obtained in the city of Belem, 
state of Para, Brazil. Initially, both mallow 
and piassava fibers were used as acquired, 

in natural condition, without chemical 
treatment. They were cut to a length of 15 mm. 
The desired lengths were obtained by manual 
cutting (with scissors) from the fiber bundles, 
as illustrated in Figure 1.

Figure 1: Fibers cut to a length of 15 mm. (a) 
mallow, (b) piassava.

EXPERIMENTAL PROCEDURES

MANUFACTURING OF SPECIMENS
The specimens were manufactured by 

manual molding using silicone molds without 
pressure, show in Figure 2. The process began 
by treating the mold surface and applying 
a release agent to remove the part after the 
curing process. The mass fraction of each type 
of reinforcement used in the manufacture of 
the specimens in this research was defined 
by the volumetric capacity of the mold to 
accommodate the reinforcement without 
pressure or compaction and in the absence of 
the matrix. For each type of reinforcement, 
with a fiber length of 15 mm, the impact 
molds were filled with the reinforcement up to 
the limit of their volumetric capacity, without 
pressure or mechanical vibration.

Then, each amount of reinforcement was 
properly weighed and the value of the mass 
obtained, converted into mass fraction, 
was established as the incorporation and 
workability reference for the manufacture of 
pressureless composites. From this reference 
value, the proportions to be used in the 
composites were prescribed.
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Figure 2: Impact silicone mold for molding 
specimens.

Once the reference values for the mass 
fraction were determined, the test specimens 
were manufactured to evaluate the workability 
of the mixture in the liquid state, estimating its 
moldability and the wettability of the matrix 
over the reinforcements involved. From 
this procedure, the proportions of the fiber 
reinforcement composite were established 
with the mass fractions presented in Table 1.

Natural Fibers Fiber Length (mm) Mass Fraction (%)
Mallow 15 3.82
Piassava 15 14.82

Table 1: Mass fractions of natural fibers used in 
the manufacture of impact specimens.

CHARPY IMPACT TEST
The notched Charpy impact tests in this 

work were carried out according to the 
procedures of ASTM D 6110-18 [17] with 
dimensions shown schematically in Figure 3. 

Figure 3: Dimensions of specimens for impact 
tests.

The tests were conducted on a PANTEC 
Pendulum XC-50 testing machine in Charpy 
configuration. Equation (1) was used to 
calculate the Charpy impact resistance on the 
manufactured specimens.

	 (1)
Where W is the energy absorbed when 

breaking the specimens in J, h is the thickness 
of the specimen in mm and b is the width of 
the specimen in mm.

STATISTICAL VALIDATION
To statistically validate the level of reliability 

and significance of the Charpy impact test 
results, Weibull analysis was performed using 
the corresponding computer program. The 
Weibull parameters β and θ in the frequency 
distribution function are related as shown in 
Equation (2).

	 (2)
Where:
β – is the shape parameter, better known as 

the Weibull Modulus;
θ - is the scale parameter that indicates the 

characteristic value of what being measured 
with a confidence of 63.8%. In the present 
work, θ represents the characteristic Charpy 
impact energy;

R2 - is the adjustment parameter, as it 
indicates how well the points on the Weibull 
graph will be adjusted to its central line. The 
value of R2 can vary from 0 to 1. The closer 
the parameter is to 1, the better adjusted the 
experimental points will be to the central line.

SCANNING ELECTRON 
MICROSCOPY (SEM)
After carrying out the mechanical tests, 

the fracture surfaces of the specimens were 
metallized and analyzed using a Shimadzu 
scanning electron microscope (SEM), model 
SSX-550 operating at a voltage of 10 kV for 
the secondary electron beam.
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RESULTS AND DISCUSSION

CHARPY IMPACT TEST RESULTS
The results obtained by the Charpy impact 

test as well as the Weibull parameters referring 
to the Charpy impact test can be seen in Table 
2 and Figure 4.

Sample β θ R2 Eabs 
(kJ/m2)

Standard 
deviation

Refe-
rences

Polyester - - - 31.50 3.26 [18]
Mallow 62.87 79.30 0.875 78.59 1.58 PW*
Piassava 69.33 79.08 0.972 78.44 1.44 PW*

Table 2: Absorbed energy values of composites.

*PW – Present Work.

Figure 4: Weibull parameters referring to the 
Charpy impact test. (a) mallow, (b) piassava.

In Table 2, it can be seen that the 
incorporation of mallow and piassava fibers 
into the polyester matrix significantly improves 
the impact resistance of the composite. The 

relatively low interface strength between a 
hydrophilic natural fiber and a hydrophobic 
polymer matrix contributes to ineffective 
load transfer from the matrix to the fiber. This 
characteristic allows the system to absorb 
more energy due to the flexibility of the fiber 
that slides out of the matrix, but does not 
break, which amplifies the energy needed to 
break the specimen [19].

It was also possible to observe that the 
incorporation of mallow and piassava fibers 
in the polyester matrix increased the impact 
resistance of the composite so that, when 
comparing the unreinforced polyester resin 
(31.50 kJ/m2) with mallow (78.59 kJ/m2) 
and piassava (78.44 kJ/m2) fiber composites 
there was an increase of more than two 
times in Charpy impact energy absorption. 
The reinforcement of a polymeric matrix 
with synthetic [20,21] and natural [19,22] 
fibers increases the impact resistance of the 
composite.

In Figure 4(a) and 4(b), analyzing the 
Weibull modulus (β) which represents the 
degree of dispersion of the results obtained, 
the absorbed energy values obtained for 
the composites showed low dispersion of 
the results, associated with low standard 
deviation, consequently they presented a high 
value for the Weibull modulus. The higher 
the value of this parameter, the closer the 
characteristic Charpy impact energy value (θ) 
is to the average Charpy impact energy value.

SCANNING ELECTRON 
MICROSCOPY (SEM) 
The SEM images of the fractured surfaces of 

the studied composites after the impact test are 
presented in Figures 5 and 6. They were used 
to analyze the interfacial characteristics and 
surface structure of the fractured specimens 
in relation to the observed mechanical impact 
behavior. 

Figure 5 shows the micrograph obtained 
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by SEM of the fracture surface of one of the 
mallow composite specimens subjected to the 
Charpy impact test. 

Figure 5: Micrographs of the fracture surfaces 
of polymer composite samples reinforced with 
randomly oriented mallow fibers with a length 
of 15 mm: (a) 150x magnification, (b) 200x 

magnification.

It is possible to observe in Figure 5(a) 
and 5(b) a “folding” of the mallow fibers. It 
is also possible to observe the propagation 
of cracks that propagate with a “river mark” 
pattern and, at the matrix-reinforcement 
interface. It is also possible to notice the cracks 
propagating at the interface, which consists of 
the fracture mechanism between the mallow 
fiber and the polyester matrix associated with 
weak resistance at the interface, resulting in 
an increase in impact energy.

Figure 6 shows the micrograph obtained 
by SEM of the fracture surface of one of the 

piassava composite specimens subjected to 
the Charpy impact test.

Figure 6: Micrographs of the fracture surfaces 
of polymer composite samples reinforced 
with randomly oriented piassava fibers with 
a length of 15 mm: (a) 70x magnification, (b) 

100x magnification.

Figure 6(a) and 6(b) shows the debonding 
of the fiber and “river marks”, which is 
an aspect of the polyester brittle fracture. 
Debondings from the weak fiber/matrix 
interface lead to microcracks that allow 
rupture to begin at relatively low stresses. In 
addition, piassava fibers also serve as a block 
to the propagation of cracks. These conditions 
combine to promote the composites great 
capacity to resist impact through an increase 
in absorbed energy and thus contribute to the 
high tenacity recorded in the composites.
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CONCLUSIONS
Composites made up of discontinuous and 

randomly oriented natural fibers of mallow 
and piassava reinforcing polyester matrix, 
cured at room temperature, show a significant 
increase in notch toughness, measured in 
Charpy impact tests, in relation to pure 
unreinforced polyester resin.

Part of this increase in toughness is due 
to the low interfacial tension between the 
mallow/piassava fibers and the polyester 
resin. This leads to greater energy absorbed in 
the impact owing to the propagation of cracks 

at the fiber/matrix interface, generating a 
greater rupture area in relation to a transverse 
fracture that occurs in the matrix, and then 
breaking the fibers.
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