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Abstract

Polymer nanocomposites are a promising area of research due to quite superior to the conventional composites. However,
obtaining a homogeneous distribution of the nanoparticles in the matrix has been a great challenge. Standard processing
techniques of nanocomposites are non-practical, requiring longer periods and can affect both mechanical and thermal prop-
erties of the final product. The thermokinectic mixer is an interesting alternative due to its high-speed rotation leading to a
better dispersion of the nanoparticle without compromising the polymer properties. This paper reports for the first time a
nanocomposite of high-density polyethylene (HDPE)/Al,O; processed by the thermokinetic mixer. The addition of Al,O5
nanoparticle (0 to 4% wt) to the HDPE led to an increase in both the melting and crystallization temperature. It was also
observed an improvement of the mechanical properties due to the increase in the crystallinity degree, which is a consequence
of the multiple nucleation sites of Al,O, nanoparticles. An optimal composition was obtained at 4% wt of Al,O5. Thus,
the nanocomposites processed by the thermokinetic mixer demonstrated a significant enhancement of the mechanical and

thermal properties.
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1 Introduction

High-density polyethylene (HDPE) is classified as a com-
modity and a thermoplastic widely consumed due to the
low cost and its physical, mechanical, thermal, and chemi-
cal properties [1]. However, the HDPE application has been
limited due to its low thermal and mechanical properties.
To improve these properties the addition of rigid particles
is usually applied [2]. Aluminum oxide or alumina (Al,O5)
is an inorganic and ceramic material used in industries due
to its advantages, such as high thermal properties, hardness,
chemical inertness, and good electrical insulation [3, 4].
Although alumina presents low-fracture strength and low-
fracture toughness [5], such disadvantages can be compen-
sated by the incorporation of Al,O; to a polymer matrix
[3]. Therefore, the advantages of alumina nanoparticle and
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HDPE could be combined by developing an organic—inor-
ganic nanocomposite.

Organic—inorganic composites have attracted interest in
the past years. The main idea of this approach is to open
a new and unexplored realm of material [6—10]. Several
reinforcements in macro, micro, and nanoscale have been
studied to improve the mechanical and thermal properties
of polymers [11, 12]. The properties of organic—inorganic
composites using particulate are strongly affected by many
parameters, such as particle shape and size, the reinforce-
ment content, type of matrix, microstructure, and interfa-
cial interaction between particles and matrix [2, 13, 14].
The mixing capacity depends on several factors, including
material properties of the pristine polymer, particle proper-
ties, processing conditions, and material formulation [15].
There are several methods for dispersing reinforcements into
a polymer matrix, including in situ polymerization and melt-
ing or solution mixing [16]. The incorporation of particles
into a polymer matrix by melt mixing has attracted interest
due to its industrial importance [17, 18]. The particles are
dispersed in the matrix by mechanical shearing action in the
molten state of the polymer matrix.
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The preparation of nanocomposites by melt mixing is
carried either with a batch mixer or an extruder and also
requires dispersal of the particles throughout the polymer
matrix [19]. In an industrial scale, extrusion is the most pop-
ular technique for melt processing polymers. The sequen-
tial steps of extrusion can be summarized as the following:
melting, mixing, and compressing polymers by screw action.
However, those steps can face problems during optimization.
The nanocomposite processing time can take several min-
utes, being harmful to the thermal behavior of the material
[20]. As an alternative solution to these issues, thermokinec-
tic mixing is a compelling technique.

Thermokinectic mixers do not need external heating and
a homogeneous composite can be obtained in a short period,
i.e. few minutes, decreasing the thermal story of the polymer
and limiting its thermal degradation. The operation process
of the thermokinectic method can be seen in Fig. 1a. The
mixer internal blades rotate on a high-speed shaft, and the
high kinetic energy is converted into thermal energy when
the accelerated material particle hit the chamber wall of the
mixer [21]. This method promotes the dispersion of nano-
particles in a solution containing the solubilized polymer
matrix and can improve properties of the composite mate-
rial, such as conductivity, strength, wear resistance, and opti-
cal properties [22]. Therefore, it is believed that a homoge-
neous dispersion of the alumina nanoparticle in the HDPE
matrix could be obtained by the thermokinectic technique
in this work.

Mixtures of polymer reinforced with inorganic materials
can enhance the polymer thermal conductivity conserving
its electrical insulation. In organic—inorganic composites,
increasing the reinforcement content generally enhances
thermal conductivity. Therefore, high reinforcement loading
is often used to obtain high thermal conductivity. However,
the higher the reinforcement content, the more likely it is
the formation of agglomerates, that induce stress concentra-
tion, and thereby decrease the tensile strength, modulus, and
ductility of the material [13].

Brandenburg et al. studied the influence of mixing meth-
ods on the properties of HDPE nanocomposites with differ-
ent types of carbon nanoparticles (graphene nanosheets and
carbon nanotubes). The processing techniques explored were
the solution method and the melt mixing method. While
the melt mixing gives a better result for dispersion for the
nanocomposite reinforced with carbon nanotubes, the solu-
tion mixing best reduced the agglomerate amount in HDPE
reinforced with graphene. The crystallinity indices of both
nanocomposites were not affected by the processing tech-
niques [16].

Pelto et al. prepared nanocomposites of HDPE rein-
forced with different types of nanopowders in the presence
of vinyltrimethoxysilane (VTMS) coupling agent by melt
mixing and verified that the degree of crystallinity of the

nanocomposites was consistently lower compared to the
pristine HDPE [23].

Nabhan et al. evaluated tribological and mechanical
properties of HDPE reinforced by 0.1-0.5 wt% of alumina
nanoparticles and observed improvement to HDPE/AL,O;
matrix [24].

Chen et al. fabricated HDPE/alumina composites by
melt mixing with direct incorporation of poly(ethylene-co-
methacrylic)-based ionomer (EMAA-Na) as an interfacial
compatibilizer [25].

In this paper, Al,O;/HDPE nanocomposites prepared by
a thermokinectic mixer, with five different alumina contents
(0.5, 1,2, 3, and 4 wt%) were investigated, and their effects
on mechanical and thermal properties were studied.

2 Materials and Methods
2.1 Materials

The materials used in this work were: Al,O; nanoparticles
(CAS Number 1344-28-1) with an average particle size
of 13 nm; purity ~99.83% (Sigma-Aldrich); and HDPE
(IE59U3) supplied by BRASKEN with a density of 0.959 g/
cm®.

2.1.1 Nanocomposites Processing

The Al,O; nanoparticles were mixed with HDPE in a
thermokinetic mixer model MH-50H (Fig. 1a), with a fre-
quency of rotation of 5250 rpm, for 60 s. The Al,O; nano-
particle content varied from 0.5 to 4 wt% of the composition.
The nanocomposites were then milled in a knife mill and
dried at 50 °C for 2 h. After that, the nanocomposites were
injected directly in a mold with specific dimensions for ten-
sile specimens (Fig. 1b).

2.2 Characterization
2.2.1 Thermogravimetric Analysis (TGA/DTG)

Thermal analyses (TGA) were performed to determine the
stability of pristine HDPE and nanocomposites. Thermo-
gravimetric curves were performed by a SII Nanotechnology
INC equipment, model Exstar 6000, TG/DTA 6200 series.
Experiments were carried out under constant nitrogen flow,
in a temperature range from 25 to 600 °C, a 10 °C/min heat-
ing rate, and a specimen weight of 10 mg.

2.2.2 Differential Scanning Calorimetry (DSC)

The melting and crystallization temperature and crystallinity
degree of pristine HDPE and nanocomposites were obtained
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Fig. 1 Schematic representation
of the nanocomposite process: a
mixing Al,O; nanoparticles to
the HDPE pellets in a thermoki-
nectic mixer and ground in a
knife mill; b injection of nano-
composites to obtain tensile
specimens

by differential scanning calorimetry (DSC). The equip-
ment (SII Nanotechnology INC equipment, model Exstar

- )
: o Alumina
= .~ nanoparticles
HDPE
pellets
s ‘ Knife ‘ L3 O,
= mill e H LV
Nanocomposite Milled
Nanocomposites
<
Thermokinectic
mixer
\ J
p- )
b Molding process
Injection unit
< e A A ~
\
1
1
1
1
1
T . 1
; 1
L s U i
Nanocomposites
Nanocomposite
tensile specimen
Injector
J

Eq.

6000, TG/DTA 6200 series) was programmed to work at
the temperature range between 25 and 200 °C, under a con- X
stant nitrogen flow of 40 mL/min. The heating and cooling
rates were 10 °C/min. The percent of crystallinity (X,) was
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where X, is the crystallinity index, w, is the weight frac-
tion of reinforcement, and AH and AH? are the enthalpy
of fusion of the sample and enthalpy of fusion of the 100%
crystalline polymer, respectively. AH® was defined for 100%
crystalline polyethylene as 293 J/g.

2.2.3 Mechanical Tests

The tensile tests were performed in an EMIC testing machine
(model DL2000), equipped with pneumatic claws with a
load cell of 5 kN. The load was applied to the specimen
at 1.5 m/min crosshead motion rate. Five specimens were
analyzed with dimensions in agreement with the respective
standard ASTM D 638-10.

3 Results
3.1 Nanocomposites Processing

The properties of the nanocomposites are affected by the
content of the nanoparticles dispersed in the polymeric
matrix [26]. In the injected nanocomposite tensile speci-
mens, as the amount of alumina powder increased, the gray-
ish color was more intense (Fig. 2). Similarities were seen in
the literature. Alsayed et al. [27] prepared tensile specimens
of HDPE with zinc oxide as reinforcement with a grayish

color similar to the nanocomposite tensile specimens. Umar
et al. [28] also reported HDPE composites reinforced with
kenaf showing tensile specimens with similar shape and
color to the pristine HDPE sample.

3.2 Thermogravimetric Analysis (TGA/DTG)

The thermal properties of the material such as degradation
temperature must be well known to determine the manufac-
turing conditions. The addition of Al,0O; nanoparticles to
the HDPE resulted in a change in the color of the nanocom-
posites, indicating a change in the bandgap due to alumina
content. It was also observed that the presence of Al,O;
nanoparticles led to an alteration in the thermal behavior of
the nanocomposites when comparing to the HDPE. TGA
and DTG curves for pristine HDPE, and nanocomposites
are shown in Fig. 3 and thermal parameters are presented
in Table 1.

The TGA technique confirmed that the addition of Al,O;
nanoparticles to the HDPE caused a slight increase in the
thermal stability of nanocomposites compared to the pristine
HDPE, probably due to the joint action of the low perme-
ability of reinforcement leading to a more tortuous path of
diffused species, and reduced movement of polymer chains
due to the interactions between Al,O; nanoparticles and
HDPE [7]. This result corroborates other studies of the lit-
erature and can be attributed to the thermal properties of

Fig.2 Tensile specimens of the
samples: a pristine HDPE; b
HDPE/AL,O; (0.5%); ¢ HDPE/

AL,0; (1.0%); d HDPE/AL,O,
(2.0%); ¢ HDPE/AL,0; (3.0%);
and f HDPE/AL,O; (4.0%)
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alumina, as seen by Silva et al. [29] in alumina membranes
and by Pratnaik [30], where the Al,O; melting point was
2072 °C. Viratyaporn and Lehman [31] cited that the incor-
poration of nanoparticles into polymer systems can enhance
the thermal stability of the polymer, which might be the case
of HDPE with alumina nanoparticles. At a nanoscale dimen-
sion, the high surface/volume ratio of the inorganic material

@ Springer

Temperature (°C)

can interfere not only with the thermal properties but also
the electrical, optical, mechanical, and dielectric properties
of the polymer [32].

Figure 3a shows the thermogravimetric curves (TGA)
and Fig. 3b is the derivative (DTG) of materials, in which
the weight loss that initiated slowly increases gradually
at 400 °C followed by the main weight loss zone for all
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Table 1 Results of the

> ; Samples Weight loss (%) T, (°C)  Residue (%)

thermogravimetric curves of

the materials, with the weight 100°C 200°C 300°C 400°C 450°C 500°C

loss (%), in the respective range

of temperature (T) and its HDPE 0.0 0.0 0.0 0.63 14.33 995 488.77 0.5

respective residues (R) HDPE/AL,05 (0.5%) 0.0 0.0 0.0 0.12 14.17  98.6 495.78 1.4
HDPE/AL, 05 (1.0%) 0.0 0.0 0.0 0.20 6.65 969 498.91 3.1
HDPE/AL,05 (2.0%) 0.0 0.0 0.0 0.85 11.82 976 499.27 2.4
HDPE/AL,05 (3.0%) 0.0 0.0 0.0 0.85 10.8 96.3 504.24 3.7
HDPE/AL,O; (4.0%) 0.0 0.0 0.0 0.80 8.65 938 506.41 6.2

samples. Table 1 shows the values of the percentages of
weight loss in the respective temperature range of materials.

Analyzing Fig. 3 it is possible to observe differences
in the decomposition temperatures of the materials. The
decomposition temperature of the pristine HDPE and nano-
composites occurred between a range of 400 and 500 °C,
in good agreement with other polyethylene composites
reported in the literature [7, 33].

As Table 1 indicates, no significant weight change was
observed in the samples at 100 °C. The weight loss at 400 °C
was due to the pristine HDPE decomposition. The thermal
degradation of the nanocomposites increased when com-
pared to the pristine HDPE. Therefore, the thermal stability
of nanocomposites (HDPE/A1,0;% wt/wt) is higher com-
pared to the pristine HDPE. This result evidences the inter-
action between Al,O; powder and HDPE, which increases
the decomposition temperature.

TGA curves of the pristine HDPE presented a higher
weight loss compared to the nanocomposites, which is
thermally stable in the temperature range between 400 and
500 °C due to the presence of Al,O5 nanoparticles [30]. Both
the addition and the increase in Al,O; nanoparticles content
to the HDPE influenced the residual percentage (the pristine
HDPE had a 0.5% residue, while HDPE/A1,05 (4.0%) had
a 6.2% residue). Alsayed [27] found similar behavior when
studying composites of HDPE reinforced with zinc oxide.

This result was expected, since the specific heat of
Al,0O; is lower compared to the HDPE, equal to 775 and
1850 J/K/kg respectively, and the thermal conductivity of
alumina (39 W/m/K) is greater compared to the HDPE
(0.46-0.50 W/m/K). Thus, the thermal energy was absorbed
by the nanocomposites and as a result, the polyethylene
chains degraded at higher temperatures, causing an increase
in the degree of crystallinity of the nanocomposites com-
pared to the pristine HDPE [10].

3.3 Differential Scanning Calorimetry (DSC)

The values of melting temperature (Tm) and crystallinity
index of the second heating and crystallization temperature
(Tc) from the cooling cycle were obtained from the DSC
curves (Fig. 4), as summarized in Table 2. The melting

temperature of the nanocomposites was similar to the pris-
tine HDPE, but the initial solidification temperature of the
nanocomposite was higher compared to the HDPE.

The crystallization temperature increased due to the pres-
ence of Al,O5 nanoparticles in the polymer matrix, which
could act as nucleation sites.

The crystallinity values for nanocomposites using the
crystallinity of pristine HDPE as a parameter, considering
the proportion of HDPE in the nanocomposites, were cal-
culated. The crystallinity values obtained did not show a
correlation with Al,O5 nanoparticle content. All nanocom-
posites showed a higher crystallinity degree than expected.
This behavior can be explained by the fact that the inorganic
component act as a nucleating agent [16], and due to the
transcrystallinity effect causing an increase in the polymer
crystallization [33]. According to Suai et al. [34] crystallin-
ity can also affect mechanical properties.

3.4 Mechanical Properties (Tensile Test)

The results of the tensile tests performed on the pristine
HDPE and HDPE/Al,0; nanocomposites are shown in
Table 3. It was observed that the addition of Al,O; nano-
particles to HDPE caused an increase of elongation at break
compared to the pristine HDPE; an optimal result was
achieved in the HDPE/A1,0; (1.0% wt) specimen. This result
implies that among all the samples developed in this work
the HDPE/AI,O; (1.0% wt) specimen is the most deformable
and has the greatest strength. The mechanical behavior was
not positively correlated with the reinforcement amount of
HDPE nanocomposite through the experimental tests. The
reinforcement also influences the nanocomposite stiffness.
Since the matrix is the same for all the nanocomposites,
the different behaviors may be attributed to the difference
in reinforcement content and more efficient load transfers
between the reinforcement and polymer. Typically, stiffer
reinforcement inhibits the elongation of a highly ductile
matrix due to efficient load transfer, ultimately decreasing
the total elongation.

Lins et al. [10] obtained similar mechanical properties in
HDPE/alumina (5% wt) composites when investigating the
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Fig.4 DSC curves (endo down) 0

for all samples during the heat-
ing step (a) and cooling step (b)
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mechanical and thermal properties of HDPE/alumina/glass
fiber hybrid composites.

Zhang et al. [13] observed similar behavior when evalu-
ating the effects of particle size and content on the thermal
conductivity and mechanical properties of HDPE/ Al,O4
composites processed by a two-roll mill and extrusion. How-
ever, the superior performance was observed in the samples
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in this work. It is believed that this enhancement is attributed
to the processing technique explored in this work. The extru-
sion method has played a very important role in preparing
nanocomposites because of its simple and versatile process-
ing method. On the other hand, this method can potentially
cause thermal decomposition of the particles used, and con-
sequently, the degradation of the polymer matrix [19-21].
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Table2 DSC result of HDPE and nanocomposites for different mix-
ing processes

Samples T, (°C) Te (°C) X, (%)
HDPE 143.7 111.8 55.8
HDPE/ALO, (0.5%) 140.2 113.5 66.8
HDPE/ALO, (1.0%) 141.3 113.0 68.5
HDPE/ALO, (2.0%) 140.3 113.7 70.3
HDPE/ALO; (3.0%) 140.6 113.7 67.6
HDPE/ALO, (4.0%) 140.4 113.0 66.3

Therefore, in the thermokinetic mixer process used to
obtain the nanocomposites, the high-speed rotation blades
with high kinetic energy (converted to thermal energy)

accelerate HDPE and Al,O5 nanoparticles, melting the
polymer matrix and embracing the alumina nanoparticles.
This process is fast enough to avoid degrading the samples
or compromising the thermal stability of the material [21].

Therefore, the thermokinetic mixer system improved
the thermal stability of nanocomposites and absorbed
energy, causing an increase in the crystallinity and, con-
sequently, an improvement in mechanical properties. The
effect of crystallinity on mechanical properties can be
observed in Fig. 5.

The addition of Al,O; nanoparticles to HDPE processed
by thermokinetic mixer results in nanocomposites with
improved thermal and mechanical properties compared to
the pristine HDPE, due to the increase in the degree of
crystallinity of the nanocomposites.

Table 3 Mechanical properties

>, Samples Elongation at break Tensile strength (o) Tensile modulus (g)
of pristine HDPE and (%) (MPa) (MPa)
nanocomposites

HDPE 9.1+04 21.6+1.1 545.3+20.5
HDPE/A1,05 (0.5%) 8.5+0.2 23.1+1.4 597.4+20.9
HDPE/A1,05 (1.0%) 7.0+0.1 258+1.2 758.7+28.2
HDPE/A1,05 (2.0%) 7.8+0.3 247+1.8 682.9+30.4
HDPE/A1,05 (3.0%) 7.4+0.2 24.2+0.9 635.8+19.1
HDPE/A1,0; (4.0%) 7.5+0.3 244+1.7 668.8 +27.3
Fig. 5 Histogram of the effect 80
crystallinity degree in relation £=7587 &=6829 ...,
tensile strength for each sample €=5974 +282MPa *30.4 MPa £16.4 MP € =1668.8
(HDPE and nanocomposites), 70 - +20.9 MPa - & 427.3MPal- 70
with the tensile module infor- € = 5453
mation 60 - 205 MPa - 60
50 4 —- 50
,fv\ —_—
o X
= 401 - 40 o
o) x
30 - 30
20 - - 20
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4 Conclusion

In this study, HDPE/AI,O; nanocomposites prepared by
thermokinetic mixer, and the effect of different contents of
Al,O5 nanoparticles without any surface treatment on the
thermal and mechanical properties were investigated. The
addition of Al,O; nanoparticles to the HDPE caused an
alteration in the thermal behavior of the nanocomposites.
It was observed a slight increase in the melting and crystal-
lization temperatures of nanocomposites compared to the
pristine HDPE. The alumina nanoparticles acted as nuclea-
tion sites leading to an increase in the crystallization degree
and, consequently, an enhancement on the nanocomposite
mechanical properties. HDPE/AI,O; nanocomposite at alu-
mina content of 4 wt% exhibited the best combination of
thermal and mechanical properties.
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