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Abstract

Solid residues from agroindustry often accumulate and cause environmental imbalance. An alternative to this is to
use this residue as a reinforcement in polymers. The achievement of this work was to characterize a composite with a
polystyrene matrix reinforced with Brazil nut shells residues. The residues were cleaned and ground to then produce
the samples via injection molding with the proportions of 0%, 2.5% and 5% of load. The specimens were characterized
using mechanical tensile testing and thermogravimetric analysis (TGA). The mechanical test showed that the composite
with 2.5% of filler had greater stiffness and strength was improved by 5%. Thermal analysis showed an increase in the
temperature for the beginning of the degradation of the M2.5 composite. The results confirm a potential application in
the automotive industry for the polystyrene composite reinforced with Brazil nut shells.
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1. Introduction

The Brazil nut (Bertholletia excelsa), one of the tree
species of greatest economic importance in the Amazon
region, has excellent quality wood, but felling of these trees
is prohibited. Its fruit, which is a husk with the nuts inside,
has natural rigidity and is part of the extractive activities of
the Amazon!!. Brazil nut trees have great economic value
due to the exploration of their nuts (which have about 60 to
70% lipids and 15 to 20% proteins)..

In Brazil, the state of Amazonas stands out for being
the largest producer of Brazil nuts, and production was
11,707 tonnes in 2020, which is equivalent to 35.3% of
the total produced in the country®l. However, studies show
that, for every ton of shelled nuts, 1.4 tons of residues are
produced, which are composed of the shells and the husks!*.
One of the solutions to the problem of the accumulation of
residues that is currently being investigated is the use of
plant waste as a filler in polymeric composite materials and
other so-called traditional engineering materials®.. In this
context, the management of residues benefits organizations
and society through the commercialization of these materials
and the generation of income through the practice of
recycling and sustainability!®. In addition, the alternative
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use of lignocellulosic materials, such as Brazil nut shells,
either as particles or fibers in polymer composites, has been
studied due to factors such as increased elastic modulus and
mechanical strength, in addition to reducing the weight and
cost of the final product!”.

Polystyrene (PS) at room temperature is an amorphous
glassy polymer and has low energy absorption under impact
due to the absence of local mobility of chain segments, since
its Tg occurs between 90 and 100 C. Obtaining rubber-PS
results in the product known as high impact polystyrene
(HIPS), which under impact has mechanical properties
that are superior to PS. This improvement is mainly due
to the introduction of a flexible amorphous component
(Tg <-40 °C) in the rigid matrix of PSI!.

An important polymer that can be used in composite
materials with shell residues as a filler is high impact polystyrene
(HIPS). This polymer consists of a multiphase copolymer in
which rubber particles of polybutadiene (PB) are dispersed
in the rigid matrix of polystyrene (PS). HIPS has a melting
temperature (T ) of 180-270 °C, and is usually processed
via injection at 210 to 260 °C, and its main application is
in electronic components. In addition to its temperature
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not being high during processing, these characteristics
make HIPS of great interest for applications in composites
with lignocellulosic materials, since the optimization of the
balance of rigidity and impact properties can be achieved
by controlling the morphology and formulation of the
composite!!?,

In the literature, studies using Brazil nut shells have
already obtained promising results''. Some other studies
have produced polymeric composites using lignocellulosic
fillers obtained from agricultural tailings and HIPS matrix
and polystyrene. Zafar and Siddiqui'® produced polymeric
composites by in situ polymerization with a polystyrene matrix
using rice husk, wheat husk and mustard husk as fillers. In this
study, the husks were ground to 250-355 pm, 355-500 pm,
and 500-710 pm. The authors performed the tensile test
in which composites with a wheat husk and mustard husk
filler of 250-235 um at 10% load achieved better results,
while the composite with rice husk of 355-500 pm achieved
a better result with a 5% load. Siregar et al.'*! produced a
composite with HIPS and pineapple fiber with and without
alkaline treatment. The composites were prepared using an
intensive mixer and then the mixture was hot pressed in
a compression mold. The fibers were ground and passed
through a sieve with a 10-40 mesh. The authors tested the
melt flow index (MFI) and observed that the melt flow index
of the composite with untreated fiber was 0.316 g/10 min,
while that of neat HIPS was 4.0 g/10 min.

Saber et al.' produced a composite by compression
molding using a HIPS matrix and filler made up of sugarcane
bagasse in the quantities of 10, 20, 30, 40, 50% with treatments
in water, HCI, NaOH solution and oil. The results were
interpreted by bar graph comparison. All composites using
water-treated fibers reduced tensile strength and increased
elastic modulus in relation to pure HIPS. Composites with
10 to 20% wt/wt fibers reduced 32% tensile strength,
those with 30 to 40% wt/wt reduced 40% and 50% wt/wt
showed a 60% reduction. Additionally, all composites
increased the elastic modulus above 20% in relation to pure
HIPS, and the composite with 50% wt/wt fiber showed an
increase of 250%. The treatments of the composites with
5% HCI, 5% NaOH and oil increased Young’s modulus by
an average of 20% for all the composites relative to pure
HIPS. The tensile strength was reduced by an average of
55% for all composites compared to pure HIPS. In our
work, we show the mechanical and thermal performance
of'a HIPS composite with a Brazil nut shell filler obtained
from Amazonian agro-industry. For this, the materials were
produced via injection molding, and is one of the very few
works on HIPS with Brazil nut shells.

Thus, the objective of this work was to produce a
polymeric composite material using a HIPS matrix and
Brazil nut shells as the lignocellulosic filler. Obtaining this
material aims at possible applications in the automotive
industry since it combines lower weight and high rigidity.
Due to this application, it is necessary to understand the
fracture mechanism of this composite, as HIPS presents
deformation by microfibrillation or crazing and the shell
acts as a filler that increases rigidity. A large majority of the
literature shows the crazing in a two-dimensional manner
with a large shortcoming since the propagation of the
crazing is not shown in 3 dimensions, but this is addressed
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in this work. For this, a detailed study of the basic fracture
mechanism of the tensile test was performed using optical
and scanning electron microscopy (SEM). Finite element
simulations were also performed to obtain the thermal transient
behavior in the material, in addition to the characterizations
using FT-IR, TGA and DSC.

2. Materials and Methods

2.1 Aquisition and cleaning of residues and aquisition of
high-impact polystyrene

The Brazil nut shells were obtained from a producer
in the Amazonas state, Brazil. Figure 1a shows the tree
that provides the nut shells that can be used as a filler in
plastics. Figure 1b-1c show the fruit, in this case, the open
husk and inside it the nuts can be seen. Inside the shells are
the white-colored nuts. Figure 1 d shows the shells left after
removing the nuts. These residues were used to obtain the
polymeric composite materials.

After collection, manual scraping and dry brushing were
performed to remove any residue!!”. Subsequently, the shells
were ground using a knife mill (MA048 Marconi). Finally,
the ground shells were sieved through a 20 mesh sieve (Tyler/
ABNT). The particle dimensions were measured using a
digital optical microscope (VHX-100, Keyence, Japan) and
presented dimensions (between 1.0-2.39 mm). The HIPS
used as the matrix was donnated by INNOVA, Manaus.

2.2 Production of composites

The sample was obtained using injection moulding in
which the HIPS was weighed and separated into two different
quantities, taking as a reference the value of 0.7500 kg as
the maximum amount of material. The proportion was
defined in relation to its weight being 2.5% (M2.5) and

Figure 1. (a) Brazil nut tree (Bertholletia excelsa); (b-c) the husk,
which is the fruit obtained from the tree; (d) residues from the
shells of the nuts. Photos: author, 2021.
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5% (M5) of residue. A storage container was used to mix
the shells in particulate form and the HIPS in pellet form.
Mixing was performed manually by preparing the container,
seeking to ensure the best mixing of the polymer matrix
and filler. This method was used because it is practical
and fast, and is economical because it does not add another
process, such as extrusion, in order to mix the polymer and
filler!"). For the production of samples according to the
ASTMD 638-2010 standard, an injection moulding machine
(300/1400/390 CL, Krauss Maffei, Germany) was used.
The temperatures of the zones were 200 °C (T1), 228 °C
(T2),225°C (T3) and 238 °C (T4). For the injection process,
a speed of 75 mm/s was used, and injection pressures of
900 bar, relief pressure of 800 bar, injection time 5 s, relief
time of 15 s and cooling time of 30 s.

2.3 Characterization

For the characterization, an FT-IR spectrometer
(Nicolet 6700 Madison, Thermo Scientific, USA) was
used. The measurements were made in ATR (germanium
crystal) mode using the FT-IR Imaging Microscope (Nicolet
Continuun Madison, Thermo Scientific, USA). The ranges
used were between 4,000-675 cm™ and the resolution was
4 cm™! and the SCAN number was 64. The samples were
analyzed via tensile testing on the universal testing instrument
(Series 5980, Instron, USA). Tensile testing was carried out
according to the ASTMD 638-2010 standard with type I
sample dimensions, 150 kN cell, test speed 5.0 mm/s, and
3 samples were tested. Scanning electron microscopy (SEM)
(Vega3, Tescan) with a voltage of 10 kV was used to analyze
the faces of the fractures obtained in the tensile tests. The TG
analysis was performed in a TGA-DSC thermogravimetric
analyzer (TGA-50M Shimadzu, Japan), with the aid of a
microanalytical scale (MX5, MetllerToledo, Switzerland).
The method used was the TGA021, which consists of heating
from 25 °C to 600 °C, at the rate of 10 °C/min, under an
inert atmosphere of nitrogen (50 mL/min). This analysis
was applied to the residue, the HIPS and the composites.
The glass transition temperature is the temperature at which
the polymeric chains of the amorphous phase acquire
mobility. To determine the glass transition (Tg) temperatures,
a differential scanning calorimeter (DSC) (DSC1, Mettler
Toledo, Switzerland) was used in the temperature range from

-30t0 300 °C, heating rate of 10 K/min, under an atmosphere
of N, with a flow rate of 50 mL/min. To study the thermal
transient and predict some of the mechanical properties of
the composites and HIPS, finite element analysis (FEA) was
used. For this analysis, Ansys Workbench® software was
employed. In this simulation, heat was applied to the end
of the sample, as seen in Figure 2. The simulation started at
25 °C and an external temperature of 50 °C, which, according
to Saber et al.'*!, is the maximum operating temperature for
HIPS, for 8 h in the transient regime.

The material type, explicit dynamic mode and characteristics
of a quasi-static test were obtained from the Ansys® software
library. The contour parameters used in the software for the
HIPS analysis were a) displacement of |100| mm (tensile),
b) analysis time of 7x10 s, ¢) mesh size of 3 mm, d)
257 knots, e) 219 elements and f) Poisson coefficient of
0.407. The outline properties for the HIPS were a density of
1.021 kg.m?, thermal expansion coefficient of 84 C, elastic
modulus of 737.17 MPa, melt modulus of 8.19 x 10° Pa,
shear modulus of 2.73x108 Pa, flow voltage of 14.22 MPa,
isotropic thermal conductivity of 0.12 W.m™.C"! and specific
heat of 0.23 J.g".K-!. The specific heat (Cp) represents the
energy required to change the temperature of a unit of mass
of the material by one degree. The following Equation 1 was
used in the thermal transient simulation (temperature and
time variation)!'l,

y2.4_Lor )

Where:

¢ = heat generation as a function of time;

a= L = thermal diffusivity of the material;
pc

k = thermal conductivity of the material;

p = specific mass;

¢ =specific heat;

oT - .
= temperature variation over time;
t

V27 = thermal gradient.

Figure 2. Direction of temperature application in the sample.
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3. Results and Discussion

Figure 3 illustrates the infrared spectrum for the Brazil
nut shell residue, HIPS polymer (0%) and the polymer
composites of the HIPS matrix containing 2.5% (M2.5) and
5% (MS5) of Brazil nut shells. According to Figure 3, it is
possible to observe that the spectrum of the Brazil nut has
two intense absorption bands at 3,424 cm!, which are related
to O-H bond stretching. Close to 1,742 and 1,615 cm™, the
stretching bands (C=0) are observed, which are attributed
to carboxylic acids and esters. For lignin, these stretchings
have been associated with aliphatic ketones and substituted
aromatic ketones, respectively. Additionally, the band at
1,615 and 1,374 cm™ corresponds to aromatic skeleton
vibrations, which are characteristic of lignin, while the bands
at 1,453, 1,374 and 1,315 cm™! are related to deformation
(C-H). Finally, close to 1,160 cm™, the C-O stretching occurs
and, at 1,104 and 1,056 cm™, the deformation of OH of the
C-OH group occurs!'7,

In relation to the spectrum of the HIPS polymer, it is
possible to observe five main bands in Figure 3. The bands
between 3,400-2,700 cm! are related to axial deformation
in the hydrogen atoms attached to the carbon, oxygen
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Figure 3. FT-IR spectra for Brazil nut shells, HIPS composites
with different concentrations of Brazil nut shells.

and nitrogen atom (C-H, C-O and N-H). In the regions
between 3,080-3,020 cm™, it is possible to observe the
bands representing the C-H vibrations of the alkenes.
In addition, the two absorption bands of the region
between 2960-2850 cm-! represent aliphatic C-H (primary
and secondary carbons). The absorption bands between
1,600-1,450 cm™! are the vibrations of the C=C band of
aromatic carbons!'®,

In relation to the composites using the HIPS polymer
with the reinforcement of 2.5 (M2.5) and 5% (M5) Brazil
nut shells, it is possible to verify the presence of all the main
bands of the neat HIPS polymer, as previously reported.
It was not possible to verify significant alterations in the
spectra; however, it is important to note in Figure 3 that
there is an increase in the band close to 1,500 cm™ (C=C
aromatic symmetric stretching for lignin), which may be
associated with an increase in the lignin content present in
composites!',

The results of the tensile test can be seen in Table 1,
while the image of the sample after the tensile test is shown
in Figure 4. It is observed that, after adding the residues, the
material showed a considerable increase in the properties of
average maximum stress, yield stress and elastic modulus
compared to the neat polymer, thus making it more rigid.

HIPS has a glassy matrix of polystyrene that is rigid due
to its chemical structure that it contains aromatic rings as a
pendant group. The incorporation of a second elastomeric
phase in a PS vitreous matrix has as a main objective the
increase in its toughness, i.e., its impact resistance!®’,
The addition of a rigid material tends to increase the rigidity

Table 1. Results of the mechanical tests of neat polymer and
composites.

Tensile Elongation Elastic
Sample strength (%) modulus
(MPa) (GPa)
HIPS 23.19+0.54 37.40+0.22 0.86+0.03
M2.5 20.51+0.54 11.66+0.48 0.85+0.02
M5 21.64+0.07 7.30+1.97 0.89+0.02
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Figure 4. (a) tension-deformation curves of samples after the tensile test; (b) fractures in the samples after the tensile test.
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of'the composite because, when there is a greater amount of
reinforcement, up to a limit value so that it can be covered
by the matrix, it will contribute to the greater strength of the
composite. Furthermore, fillers reduce the free movement
of polymer chains, thus resulting in an increase in their
elastic modulus"??, According to Table 1, the tensile
strength of M5 was higher (21.64 MPa+0.07) compared
to M2.5 (20.51 MPa+0.54). This occurred because as the
fiber content increases, the stresses become more evenly
distributed and the composite strength increases!>*?4.
However, M5 had a higher elastic modulus (0.89 GPa+0.02)
than M5 (0.85 GPa+0.02). The values of the means of the
elastic modulus are close, and the difference between them
is not statistically significant.

A study was carried out of the fractures of the test samples
tested after the tensile test, and is illustrated in Figure 4a-4b.
Figure 4a shows the behavior of the stress deformation
curves for HIPS and the composites. It can be observed in
Figure 4b that the behavior of the fractures showed it to be
brittle and all the fractures occurred in the useful area of
the samples. HIPS is composed of two immiscible phases
of polybutadiene and polystyrene. The introduction of
an elastomeric phase in the rigid PS matrix, as expected,
promotes a decrease in the elastic modulus value, which
means that the tenacified material deforms at stresses lower
than those verified for the PS homopolymer!®!.

Micro fissures

Fissures

Start of
the fissure

(d

The presence of blanching in all the samples is also
observed. This blanching is called microfissuring or crazing
and ais formed by 50% of the highly oriented polymers and
50% of the voids, which causes the process of dilatational
deformation’®. These microfissures occur in amorphous
polymers, such as polystyrene, and are characterized by a
whiteness of the amorphous region, due to differences in the
refractive index that causes light scattering of the fibrils in
the crazing®”. It is observed in Figure 4b that the presence
of crazing is perpendicular to the main stress in the tensile
test. The stress at the tip of the crazing is greater than the
average stress of the tension in the material; thus, the crazing
tends to grow in the direction that is perpendicular to the
uniaxial main stress in the tensile test*.

Although the crazing is formed in all the samples, it can
be observed in Figure 4b that the crazing formed in HIPS
is less intense than that formed in the composites. This
implies that the rubber microparticles in the HIPS induced
the formation of crazing around them™!. The growth of
crazing is interrupted and restarted when it finds another
rubber particle providing the emergence of smaller crazes™.
These smaller cracks allowed a greater dissipation of applied
energy before the catastrophic cracks and this caused a
greater elongation in relation to the composites!?!.

Figure 5b reveals that the composites demontrated a
lower elongation than the HIPS, and the M5 composite
showed a lower elongation when compared to M2.5.

Particle of
filler Aglomeration
of the filler
Adhered Adhered particle
particle/
e blocking
;:f tl:e Filler
TBCLINE concentration
zone
Filler
. Unadhered
Propagation particle
of the :
fracture Start of the
fracture

Figure 5. Digital optical microscope images of fracture faces: (a) HIPS; (b) M2.5; (c) MS5. Scanning electron microscopy: (d) fracture face of
MS5 composite with magnification at 21x; (e) region of clusters with magnification at 150x; (f) surfaces of clusters with magnification at 440x.
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The shell particles acted as stress concentrators and, as
MS5 has a greater amount of shell, therefore it became more
fragile and has less elongation®®!). Another reason is that the
rubber particles influenced a weakening in the adhesion of
the fiber-matrix interface, thus preventing the mechanical
anchoring of the polystyrene molecules on the surface of
the shells, further weakening the composites!®?.

Figure 5a-5c¢ shows the fracture faces of the HIPS, and
the M2.5 and M5 composites, respectively. Figure Sa shows
the presence of micro fissures in the fracture of the HIPS.
In Figure 5b, it can seen that the Brazil nut shell particles
act as a stress concentrator at the end of the propagation of
the elliptical-shaped crack®¥). However, in Figure 5c, it is
observed that the greater amount of shell increased the stress
concentrators, further weakening the composite, which is
proven by the reduction of elongation.

Figure 5d-5f shows the scanning electron microscopy
image of a fracture in the composite M5. Figure 5d shows
the face of the fracture side by side after the tensile test.
In the image, it is possible to observe that the shells tended
to agglomerate in the matrix of HIPS and become stress
concentrator points!''l. Tt is also possible to observe the
smooth regions (black arrows) that propagated towards
the clusters by shear and are perpendicular to the tensile
stress®!l. Few elliptical regions (red arrow) are observed®*.
Figure 5f shows the presence of unstuck shells and regions
that derive from the weak interaction of the matrix and the
shell. In Figure 5f, a roughness is observed on the surface
of the region that pulled the shell out of the matrix. This
roughness is a result of the small rubber balls that are scattered
in the HIPS matrix. In the figure, it is also possible to observe
a fibrillar region (white arrow), which is characteristic of
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a catastrophic fracture. It is also possible to observe the
division (white arrow) of the region that presented a fast
and a slow craze propagation speed®..

In Figure 6a-6b, the thermogravimetric curves of the
Brazil nut shells and the HIPS are presented. While in
Figure 6¢-6d, the thermogravimetric curves of the composites
M2.5 and M5 are presented. Additionally, in Table 2, there
is a summary of the temperatures and respective weight loss
of the samples studied, i.e., filler (Brazil nut shells), neat
polymer and its composites. It is important to note that the
average mass of the samples was 10.20+0.11 mg.

The DTG curve of the residue showed that, at a temperature
0f73.56 °C, there was a 1.391 mg loss of moisture (13.7%)
due to the lignocellulosic materials having a hydrophilic
character, as already cited by Viana et al.l'”’. Subsequently,
there was a considerable weight loss of about 5.39 mg
(53.08%) at 371.8 °C, which is related to the decomposition
of the cellulose through the endothermic process. Finally,

Table 2. Thermal results of the filler, HIPS and its composites.

Sample Thermal Dticn(:me?-gig:zn Weight loss  Residue
PI€ events pe (%) (%)
(§9)
Filler I 73.56 13.710 33.209
2nd 371.80 53.081
HIPS I 444.68 100.184
- - 0.1%
M2.5 I 427.24 98.556
- - 1.444
M5 I 275.94 83.092 6.626
2nd 428.40
0
- )
s <
2 <
o =
= A
ot 248,38°C
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o
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Figure 6. TGA results: (a) TG (red) and DTG (black) of filler; (b) TG (red) and DTG (black) of neat HIPS; (¢) TG (red) and DTG (black)

of M2.5 composite; (d) TG (red) and DTG (black) of M5 composite.
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the weight loss at the end of the analysis was 6.78 mg
(66.79%), which can be attributed to lignin degradation®®).

The HIPS curves showed a single stage of mass loss at
approximately 444.88 °C, which is also the level observed in
the works of Cordeiro et al.?"'and Agung et al.?®); in this case
415 °C. The curves of the composites showed that the addition
of'the residue provided a slight increase in the temperature
at the beginning of degradation of the M2.5 composite,
i.e., 444.68 °C (Figure 6c), but for the M5 composite this
temperature dropped to 275.94 °C (Figure 6d).

After the analysis of TGA, it was observed that the shells
presented a residue of 33% by weight. Neat HIPS presented
aresidue of 0.1% by weight. While the composites M2.5 and
MS obtained a residue of 1.444% and 6.262%, respectively.
The HIPS sample almost totally decomposed in the analysis
(about 0.1%). The addition of filler in the HIPS polymer
matrix of resulted in residues at the end of the analysis for
both compositions, which were more expressive at 5% of
filler, indicating the presence of the Brazil nut shells.

Figure 7 illustrates the DSC thermograms for neat HIPS
polymer and the composites. According to Figure 7, peaks

-04 4
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]
= HIPS
% -05 :
< Delta Cp = 0.16 J/gK
R M2.5
Delta Cp = 0.12 TgK
M5
06 T T 1
80 90 100 110
Temperature (°C)

Figure 7. DSC thermograms for neat HIPS and for the composites
M2.5 and M5.

around 90 °C are attributed to moisture absorbed by the
shellsP?. Additionally, it can be observed that the Tg of the
composites did not show significant alterations in relation
to the neat HIPS, and varied between 100 and 103 °C. This
small alteration in the Tg can be attributed to the restriction
imposed by the shells to the molecular movement of the
HIPS matrix“?. Figure 7 also shows the specific heat (Cp)
reduction for composites. This behavior was caused by the
shells, which reduced heat transfer®®!. The shells of Brazil
nuts consist of the exotesta regions, central mesotesta region,
mesotesta vascular region and tegmen that present structures
with voids such as long and porous cells, porosities and
vascular exchanges!**?. These voids can be filled with air
and moisture that act as resistance to heat transfer reducing
the Cp for composites!*>+4,

In order to verify the thermal transient behavior of the
composites with M2.5, M5 and the HIPS, a simulation was
performed using Ansys® Workbench software. The parameters
used in the simulation, such as specific heat Cp of composites
M2.5, M5 and HIPS were obtained from the DSC analysis
(Figure 7), i.e., Coos: 0.16J/g.K, Coust 0.12 J/g K and
C_ ..0.23J/gK.

PHIPS®
After the simulations, the software provided the images
of the thermal transient behavior of the composites and HIPS
and these can be seen in Figure 8a-8c. From the images, it
is possible to observe that the composites obtained a higher
thermal resistance than the HIPS during the period of 8 h
(288 s). The addition of the lignocellulosic shells and the
lack of a coupling agent effectively slowed the heat transfer
in the HIPS matrix#45),

Figure 9 shows the graph obtained from the final
minimum temperature after simulation for neat HIPS
polymer and the composites. According to Figure 9, it is
possible to observe that the HIPS left the initial equilibrium
state after 288 s at 25.001 °C and, after 8 h in operation,
the minimum temperature in the sample was 44.831 °C.
The M2.5 composite, tested under the same conditions as
the HIPS, showed greater resistance at the initial temperature

44831 M0

50,00 (mm)

a%e

2000 00 (mem)

1258

25014Min

Figure 8. Temperature propagation in the materials: (a) HIPS; (b) M2.5; (c) M5.
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Figure 9. Final minimum temperature of the virtual test.

0f'25.005 °C and, at the end of the 8 hours in operation, the
minimum temperature in the sample was 47.215 °C. This
represents a higher temperature; approximately 5% higher
when compared to HIPS. The M5 composite started the
thermal transition at 25.014 °C, and showed a higher initial
thermal resistance when compared to the other two materials
(HIPS and M2.5), however, at the end of the 8 hours, the
minimum temperature in the sample was 48,400 °C. This
implies an approximately 8% higher temperature when
compared to the HIPS and the M2.5 composite.

The technique of producing the composite using the
injection molding process has shown that it is possible to
obtain the products quickly. The values for tensile strength
and elastic modulus of HIPS and composites were close, but
the elongation reduced for composites in relation to HIPS.
The addition of filler in the HIPS caused an increase in
thermal resistance (thermal insulation). This behavior has
shown that the application in the production of automotive
parts is possible.

4. Conclusions

In this study we investigated the role of Brazil nut shells
in the thermal and mechanical properties of high impact
polystyrene polymer (HIPS) and HIPS-based composites.
According to the mechanical properties, it can be said that,
after the addition of 2.5 and 5% by mass of the Brazil nut
residues, there were no significant changes in the values
obtained for the elastic modulus and tensile strength.
The values were similar to those obtained for the pure HIPS
polymer of 0.85 GPA and 23 MPa, respectively. However,
for ductility, there was a progressive decrease in values after
the increase in the amount of residues. The residues have
high values of lignin and hemicellulose that hinder adhesion
with the polymer matrix, justifying a superficial chemical
treatment. Additionally, the results of the scanning electron
microscopy corroborate the presence of agglomerates in the
composites. Regarding the thermal properties, it is important
to emphasize that the Brazil nut residues did not affect the
thermal stability as well as the glass transition temperature
values, as the values of both composites (M2.5 and M5) were
similar to the pure polymer. Finally, the results demonstrated
the potential suitability of the HIPS composite reinforced
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with Brazil nut residues, which could be a use for a residue
that has little utility.
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