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In this work, polyaniline (PANI) in emeraldine-base form, synthesized by chemical oxidation
polymerization, was protonated with hydrochloric acid (HCI). Composites based on high-density
polyethylene (HDPE) and linear-low density polyethylene (LLDPE) blends with PANI were prepared
in molten condition using a torque rheometer. The effect of compatibilizer agent (maleic anhydride-
grafted high density polyethylene, HDPE-g-MA) and different contents of PANI on the blends-based
composites was also investigated. Thermal, mechanical, and electromagnetic (electric permittivity)
measurements and morphological aspects of the composites were evaluated. The addition of PANI
content in the composites decreases the degree of crystallinity of HDPE and LLDPE blends, which
implies that PANI particles make it difficult for co-crystallization to occur in the HDPE and LLDPE,
respectively. On the other hand, the addition of compatibilizer agent in the HDPE and LLDPE blends
increased the degree of crystallinity. The complex parameters of permittivity in the frequency range
of 8.2 to 12.4 GHz varied as a function of the PANI content in the blend. It was also observed that the
compatibilizer agent increased the composite stiffness and decreased the electric permittivity values.
This result shows that the increasing rigidity of the molecular structure of the polyethylene matrix

hindered the dissipation of the electromagnetic energy in the sample.
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1. Introduction

The electrically insulating and non-magnetic nature of
polymers can be modified by the introduction of conducting
and/or magnetic fillers into the polymers'. Thermally
processed conducting polymer composites are more practical
at industrial scale than solution processed systems. As a
consequence, industrial-scale methods have been employed to
produce conductive polymer composites. One way to obtain
conducting polymer blends consists of mechanical dispersion
of infusible conducting polymers in melt thermoplastic
matrices to achieve conventionally moldable or extrudable
conductive composites?. Among the conducting polymers,
polyaniline (PANI) attracts great attention because of its
chemical stability under ambient conditions, high electric
conductivity, rather low cost, and simple synthesis*¢. Some
researchers have reported that PANI doped and plasticized
with dodecylbenzene sulfonic acid (DBSA)"® and PANI
protonated with phosphoric acid diester®!! exhibit excellent
thermal and conductive properties. A PANI-DBSA complex
can be blended with polyolefin matrices (polyethylene or
polypropylene) in molten state. These polymer blends can
be molded into antistatic or conductive films or even spun
into fibers with a melt spinning technique'>'*.

*e-mail: fabio.passador@unifesp.br

Blends composed of high-density polyethylene (HDPE)
and linear low-density polyethylene (LLDPE) have attracted
considerable interest in both the research community and
industry'*">. The advantages of the blends include, for
example, improvements in impact strength, optical properties,
low temperature impact strength, rheological properties, and
overall mechanical behavior'®!”. Mixtures of polyethylene
and PANI have shown attractive properties such as antistatic
behavior for gas separation materials, ion-exchange capacity
for transducers in sensor devices, and electromagnetic-
radiation-shielding and radar-absorbing materials (RAM, also
called microwave absorbers) for electronic devices'®**. The
miscibility between PANI and polyethylene is a critical issue
and impacts on the composites' properties. In the case of melt
mixing in extruders, the miscibility can be improved by the
incorporation of disperser molecules such as compatibilizer
agents, which can be added both as dopant molecules in PANI
and as additives in the PANI-polyethylene mixture?>2>-22,

In our previous work?, we studied the effect of the
addition of PANI in LLDPE and observed an improvement in
the electrical conductivity with the addition of PANI. Aiming
to understand the effect of the branching of the polyethylene
chain and the effect of the addition of compatibilizer agent
on the electromagnetic properties, the purpose of this work
is to obtain composites based on blends of HDPE and
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LLDPE with PANI doped with hydrochloric acid (HCI)
by mixing in the molten state using a torque rheometer.
The effect of the addition of compatibilizer agent (maleic
anhydride-grafted high-density polyethylene, HDPE-g-MA)
and different contents of PANI was also investigated. PANI
was synthesized by the protonation method with HCI. The
thermal, mechanical, morphological, and electromagnetic
(8.2-12.4 GHz) properties of the HDPE/LLDPE/PANI blends
with different contents of PANI were studied and correlated.

2. Experimental

2.1 Materials

The HDPE (DMDA 6200 NT-7) with a melt index
of 0.38 g/10 min (190 °C/2.16 kg) was supplied by Dow
Chemical and the LLDPE (IC 32) with a melt index of 29
2/10 min (190 °C/2.16 kg) was supplied by Braskem, Brazil.
Processing of HDPE with a low melt index is difficult due to
the high melt viscosity. The addition of a certain quantity of
a material with a similar chemical structure and a high melt
index, such as LLDPE facilitates the processing by reducing
the melt viscosity and at the same time does not significantly
change the properties of the more viscous matrix. The maleic
anhydride-grafted high density polyethylene, HDPE-g-MA
(Polybond® 3009), was supplied by Crompton Corporation.
The HDPE and HDPE-g-MA were chosen because they
have almost the same melt index [MI = 0.4 g/ 10 min (190
°C/2.16 kg)].

PANI was synthesized using aniline (analytical grade,
Vetec), which was distilled under vacuum and stored in a
refrigerator, ammonium peroxydisulfate (Merck), and HC]
(Vetec).

2.2 Polyaniline synthesis

PANI used in this work was synthesized following a
well-established method for the synthesis of the emeraldine
base form of PANI using HCI as dopant. In a typical
polymerization, 5 mL of aniline was dissolved in 35 mL
of distilled water under stirring. A solution of 5.71 g of
ammonium peroxydisulfate (APS) in 100 mL of distilled
water was added slowly, without stirring, to the aniline
solution, followed by the rapid addition of 10 mL of 37% HCI.
Polymerization was considered to have started at this point
and was allowed to continue for 24 h at room temperature
(25 °C). The resulting dark-green solids were filtered and
washed with hydrochloric acid and distilled water until the
filtrate became colorless. Finally, the powder was dried in
a vacuum oven at 60 °C for 12 h.

2.3 Preparation of HDPE/LLDPE/PANI
composites

All materials were dried for a minimum of 24 h in a
vacuum oven at 80 °C prior to melt processing. Composites
of HDPE/LLDPE/PANI with a blend ratio of 1:1 (HDPE/

Materials Research

LLDPE)and 5, 10, 15, 20, and 40 wt% PANI were prepared
by melt compounding in a torque rheometer (Haake, model
Rheomix 600p) using counter-rotational and interpenetrated
rotors and operated at 180 °C and 80 rpm for 4 min. In
addition, compatibilized blends of HDPE/LLDPE/HDPE-
g-MA/PANI with a blend ratio of 1:1 (HDPE:LLDPE), 15
wt% HDPE-g-MA, and 5, 10, 15, 20 and 40 wt% PANI
were prepared under the same conditions. Table 1 shows
the formulations prepared in this work. After processing,
tensile tests probes were prepared by compression molding
and stamping at 180 °C for 3 min.

2.4 Thermal, mechanical, morphological, and
electromagnetic characterization

Thermal characterization of HDPE/LLDPE/PANI
composites was evaluated by differential scanning calorimetry
(DSC; TA Instruments QS100) under an N, atmosphere. The
measurements of the composites were performed according
to the following procedures. The samples were heated from
200 °C at 10 °C/min, kept at this temperature for 5 min to
erase any previous thermal history, and then cooled to 30 °C
at 10 °C/min to determine the crystallization temperature (T).
The melting point (T, ) was taken at the melting endothermic
peak of the second heating cycle after erasing the thermal
history. The degree of crystallinity of the blends (corrected for
PANI content) was determined using the following equation:
X. (%) =(AH,./AH" X ¢4...).100, where AH, is the enthalpy of
melting measured by DSC; AH.,, the enthalpy of melting of
100% crystalline polymer, was taken as 292.6 J/g for HDPE,
140.6 J/g for LLDPE, and 290 J/g for HDPE-g-MA?; and
®,, .. is the volume fraction of blend in the composites. For
the HDPE/LLDPE blends, the value of AH), used was216.6
J/g, and for the HDPE/LLDPE/HDPE-g-MA, the value of
AH;, used was 227.6 I/g.

Mechanical properties were obtained by uniaxial tensile
tests. Tensile tests were conducted on the molded specimens
according to ASTM D638 using an Instron 5569 model at a
crosshead speed of 50 mm.min™.

The fracture surface morphology of the composites was
analyzed by SEM. The samples were covered with a thin layer
of gold and the fracture surface was observed by scanning
electron microscope (FEI Inspect S50) operated at 20 keV.

The electromagnetic characterization was performed by
electric permittivity and magnetic permeability measurements.
For this, specimens were cut to dimensions of 23 mm X
10 mm x 9 mm with the aid of a steel blade. The real and
imaginary values of electric permittivity (¢) and magnetic
permeability (1) of the blends were obtained experimentally,
in triplicate, through measures in a waveguide in the frequency
range of 8.2 to 12.4 GHz (X-band). A vector network
analyzer (model 8510C, HP) fitted with a calibration set
for the X-band (type WR90) was used for this purpose. The
calculation of the complex parameters € and p was carried
out with the aid of the software 85017E (Agilent) based on
the Nicolson Ross model®. The complex parameters € and
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Table 1. Detailed mass ratios of samples.

Sample HDPE (wt%) LLDPE (Wt%) PANI (wt%) HDPE-g-MA (wt%)
HDPE/LLDPE (50/50) 50 50
HDPE/LLDPE/PANI (47.5/47.5/5) 475 475 5
HDPE/LLDPE/PANI (45/45/10) 45 45 10
HDPE/LLDPE/PANI (42.5/42.5/15) 425 425 15
HDPE/LLDPE/PANI (40/40/20) 40 40 20
HDPE/LLDPE/PANI (30/30/40) 30 30 40
HDPE/LLDPE/HDPE-g-MA (42.5/42.5/15) 425 425 15
HDPE/LLDPE/PANI/HDPE-g-MA (40/40/5/15) 40 40 5 15
HDPE/LLDPE/PANIVHDPE-g-MA (37.5/37.5/10/15) 375 375 10 15
HDPE/LLDPE/PANI/HDPE-g-MA (35/35/15/15) 35 35 15 15
HDPE/LLDPE/PANIHDPE-g-MA (32.5/32.5/20/15) 325 325 20 15
HDPE/LLDPE/PANI/HDPE-g-MA (22.5/22.5/40/15) 225 225 40 15

are expressed by Equations 1 and 2, respectively, considering
the real and imaginary components of the permittivity (¢',
storage component; €", loss component, respectively) and
the permeability (u' and p", storage and loss components,
respectively)?.

e=¢ —je”" (O

p=y =g @

3. Results and Discussion

3.1 Torque rheometer curves

Figure 1 shows the torque rheometer curves of the HDPE/
LLDPE blends and the HDPE/LLDPE/PANI and HDPE/
LLDPE/PANI/HDPE-g-MA with different contents of PANI,
processed at 180 °C and 80 rpm for 4 min. All components
were mixed simultaneously. The torque peak corresponds
to the addition of the compounds. A slight increase of the
equilibrium torque was observed when the PANI content
in the HDPE/LLDPE blends increased. The PANI does not
melt in these processing conditions and the molten HDPE/
LLDPE matrix involved the polyaniline particles during
the processing. The composite obtained presented green
coloration; however, a partial deprotonation and change
of the doping degree can occur due to the poor stability
of PANI at high temperatures. Similarly, the equilibrium
torque increased with the addition of PANI in compatibilized
composites. However, a greater increase in the equilibrium
torque was observed in the compatibilized composites; that
is, the addition of HDPE-g-MA promoted an increase in the
interactions between HDPE and LLDPE and may also lead
to an increase in interactions between the HDPE/LLDPE
matrix and PANI. This is more evident for the composite
with 40 wt% PANI, which presented an equilibrium torque of

Figure 1. Variation of torque during mixing of the HDPE/LLDPE
blends with different contents of PANI: (a) composites without
compatibilizer agent and (b) compatibilized composites.

9.5 N.m for HDPE/LLDPE/PANI (30/30/40) and 13.0 N.m
for HDPE/LLDPE/PANI/HDPE-g-MA (22.5/22.5/40/15).

3.2 Thermal properties

Figure 2 shows the DSC thermograms for HDPE/
LLDPE blend and HDPE/LLDPE/PANI composites with
different contents of PANI. Table 2 summarizes the values
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of melting temperature (T and T ,) and melting enthalpy
(AH, . ,AH ) obtained on the first and the second heating,
respectively, and the values of crystallization temperature (T)
obtained during the cooling scan, as well as the values of the
degree of crystallinity for each composition. In all systems
studied, only one crystallization temperature and one melting
temperature peak were observed, indicating the existence
of only one type of crystal species in these compositions.
These results may be indicative of the miscibility of the
system and the fact that co-crystallization took place in the
HDPE/LLDPE blend. On the other hand, polyethylenes
(HDPE and LLDPE) and PANI are immiscible due to the
significant differences in the polarities of these polymers
and it was observed that the addition of PANI in the blends
does not affect the T, and T, values. However, the increase
of PANI content in the composites causes a reduction in
the degree of crystallinity of HDPE/LLDPE blend, which
implies that the PANI particles make the co-crystallization
of HDPE and LLDPE difficult.

Figure 3 shows the DSC thermograms for HDPE/
LLDPE/HDPE-g-MA blends and HDPE/LLDPE/PANI/
HDPE-g-MA composites with different contents of PANI
and Table 3 summarizes the thermal properties.

The addition of compatibilizer agent in the HDPE/LLDPE
blend increased the degree of crystallinity. For systems

HDPE/LLDPE (50/50)

HDPE/LLDPE/PANI (47.5/47.5/5)

HDPE/LLDPE/PANI (45/45/10}

HDPE/LLDPE/PANI (42.5/42.5/15)

HDPE/LLDPE/PANI (40/40/20)

-— ENDO
~— ENDO
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HDPE/LLDPE/PANI (30/30/40}
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with 5, 10, 15, and 20 wt% PANI, no change in the degree
of crystallinity was observed. However, the addition of 40
wt% PANI in the blend led to a significant decrease in the
degree of crystallinity (about 10%). For this composition, the
decrease may be attributed to the higher interfacial adhesion
between the HDPE-g-MA and PANI, which can reduce the
mobility of crystallized chain segments.

3.3 Mechanical properties

Table 4 presents the values of tensile stress at break (o, ),
elongation at break (g,), and Young's modulus (E) obtained
by uniaxial tensile tests. The addition of PANI impacted
on the mechanical behavior of the HDPE/LLDPE blend,
promoting a substantial reduction in elongation at break, and
brittle fracture was observed as the content of PANI in the
composites increased. The PANI is polar and the polyethylene
matrix is nonpolar; it can be assumed that there is a lack of
adhesion between the different phases and that the mechanical
properties of the polymer matrix are negatively affected
by the addition of PANI. On the other hand, the addition
of the compatibilizing agent (HDPE-g-MA) increased the
Young’s modulus of the HDPE/LLDPE/PANI composites
with different contents of PANI. These results suggest that
the compatibilizer agent increases the interfacial adhesion
between HDPE/LLDPE and polyaniline and contributes

HDPE/LLDPE (50/50)

HDPE/LLDPE/PANI (47.5/47.5/5)

HDPE/LLDPE/PANI (45/45/10)

HDPE/LLDPE/PANI {42.5/42.5115)

HDPE/LLDPE/PANI{40/40/20)

HDPEALDPE/PANI (30/30/40)

T T T T 1
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Temperature (°C)
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T T T T H
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HDPE/LLDPE/PANI (47.5/47.5/5)
%\I

HDPE/LLDPE/PANI.(42.5/42.5/18)
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-— ENDO
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Figure 2. DSC thermograms of HDPE/LLDPE/PANI composites with different contents of PANI: (a) first heating, (b) cooling, and (c)

second heating.
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Table 2. Values of Tm, AH_, and X obtained during heating scans and T, obtained during cooling scans of HDPE/LLDPE/PANI composites.

Sample T, (°C) AH_ (J/g) Xe (%) T.(C) T,(C) AH,Jg X, (%)
HDPE/LLDPE (50/50) 132 137.5 63.5 114 129 146.4 67.6
HDPE/LLDPE/PANI (47.5/47.5/5) 132 136.2 66.2 115 129 138.5 673
HDPE/LLDPE/PANI (45/45/10) 131 121.0 62.0 115 129 130.5 67.0
HDPE/LLDPE/PANI (42.5/42.5/15) 129 1142 62.0 116 129 119.4 64.8
HDPE/LLDPE/PANI (40/40/20) 132 107.6 62.1 115 129 107.5 62.0
HDPE/LLDPE/PANI (30/30/40) 131 81.5 62.7 114 129 78.9 60.7

HOPE/LLDPEHDPE-g-MA (42.5/42.5/15)

HDPE/LLDPE/PANYHDPE-g-MA
(40/40/5/15)
HOPE/LLDPE/MDPE-g-MA
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Figure 3. DSC thermograms of HDPE/LLDPE/PANI blends with different contents of PANI: (a) first heating, (b) cooling, and (c) second
heating.

Table 3. Values of Tm, AHm and Xc¢ obtained during heating scans and T, obtained during cooling scans of HDPE/LLDPE/PANI/HDPE-
g-MA composites.
Sample T (CC) AH  (J/ig) Xe, (%) T (°C) T,(C) AH_,(J/g) Xe, (%)
HDPE/LLDPE/HDPE-g-MA

et 132 1513 66.4 115 129 160.3 70.4
ﬁDAP(% ';‘Ia]/);/’ 1’?5/) PANUHDPE-g- 131 143.4 66.4 116 129 145.9 67.5
ﬁgl’g 13173[;P5]}:{ 1;;‘112)1/ HDPE-g- 130 131.2 63.6 116 128 139.1 67.4
?4';"(‘;32 %‘;ﬂgﬁ’;fwn HDPE-g- 131 119.0 60.9 116 128 130.1 67.2
I\H/IDAP(;:; LLoPE) ‘;;‘11:)" HDPE-g- 130 1103 60.6 116 128 124.1 67.2
HDPE/LLDPE/PANI/HDPE-g- 130 75.5 553 113 130 81.1 57.4

MA (22.5/22.5/40/15)
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Table 4. Tensile stress at break (ob), Young's modulus (E), and elongation at break (er) obtained in the uniaxial tensile test.

Sample 6, (MPa) E (GPa) g (%)
HDPE/LLDPE (50/50) --- 0.85+0.04 > 300
HDPE/LLDPE/PANI (47.5/47.5/5) 145+0.9 0.70 £ 0.03 10.5+1.4
HDPE/LLDPE/PANI (45/45/10) 13.1+£0.5 0.75 £0.04 8.7+14
HDPE/LLDPE/PANI (42.5/42.5/15) 122+0.7 0.81+0.13 3.7+£04
HDPE/LLDPE/PANI (40/40/20) 11.4+1.0 0.84+0.10 3.1+£0.1
HDPE/LLDPE/PANI (30/30/40) 8.7+0.3 0.88 +0.02 1.7+04
HDPE/LLDPE/HDPE-g-MA (42.5/42.5/15) 126+1.2 0.83 £0.04 82.1+7.8
HDPE/LLDPE/PANI/HDPE-g-MA (40/40/5/15) 16.6 £ 1.0 0.86 = 0.09 120+ 1.7
HDPE/LLDPE/PANI/HDPE-g-MA (37.5/37.5/10/15) 16.7+0.4 0.95+0.02 7.8+1.2
HDPE/LLDPE/PANI/HDPE-g-MA (35/35/15/15) 155+0.8 0.97 +0.03 38+1.0
HDPE/LLDPE/PANI/HDPE-g-MA (32.5/32.5/20/15) 149+1.2 0.96 +0.03 34+0.1
HDPE/LLDPE/PANI/HDPE-g-MA (22.5/22.5/40/15) 8.0+1.0 0.99 +0.01 1.3+0.3

to an increase in stiffness of the final composite. The use
of HDPE-g-MA in the composite structure leads to better
compatibility with HDPE, so composites with good mechanical
properties were obtained with only a mixing procedure and
without the addition of any dispersant. Del Castillo-Castro
et al."® studied the influence of the compatibilization of
polyethylene-graft-maleic anhydride (PE-g-MA) in composites
of low-density polyethylene (LDPE) and n-dodecylbenzene
sulfonate doped polyaniline (PANI-DBSA) prepared by
extrusion. The authors reported results similar to those
obtained in the present study and attributed the improvement
in the mechanical properties to the use of compatibilizers
as interfacial agents in composites.

3.4 Morphology

The fracture surface morphologies of the HDPE/LLDPE/
PANI blends with different contents of PANI are shown in
Figure 4. It is verified that all the fracture surface micrographs
show distinct morphologies, which are influenced by the
increased contents of PANI in the HDPE/LLDPE blends.
Figure 4a, which is related to HDPE/LLDPE blend containing
5 wt% PANI, shows a surface with small ridges and ripples
in the whole of the sample. However in Fig. 4b-d, the blend
samples clearly show irregularly shaped PANI lumps with
rough surfaces dispersed in the HDPE/LLDPE continuous
phase.

The SEM image of the composite with a higher content
of PANI (40 wt%) (Fig. 4e) shows a rough morphology
with the presence of aggregates of PANI and distinct phase
boundaries between the HDPE/LLDPE matrix and PANI,
which are specified by white arrows. These morphological
aspects indicate a weak adhesion between the phases, indicating
poor interfacial adhesion between HDPE/LLDPE and PANI.

According to Nand et al.”, this behavior is attributed to
the dissimilarity in the polarity of the polymers: while HDPE
and LLDPE are typical non-polar hydrocarbon polymers,
PANI possesses high polarity due to the presence of amine
groups in its macromolecular structure.

LLDPE/PANI (47,5/47,5/5), (b) HDPE/LLDPE/PANI (45/45/10),
(c) HDPE/LLDPE/PANI (42,5/42,5/15), (d) HDPE/LLDPE/
PANI (40/40/20), and (¢) HDPE/LLDPE/PANI (30/30/40), with
magnification of 1000x.

The fracture surface morphologies of the HDPE/LLDPE/
HDPE-g-MA/PANI composites with different contents of
PANI are shown in Figure 5. It is possible to observe that
all the composites present more homogeneous and flat
fracture surfaces. The compositions with high contents of
PANI present slight undulations in the micrographs, and this
observation suggests that the compatibilizing agent present
in the composition of the HDPE/LLDPE/PANI composites
increased the homogeneity of the PANI dispersion and conferred
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the fragile aspect on the final composite. Consequently, the
maleic anhydride compatibilizing agent induced changes in
both the morphology of the composites and the interfacial
adhesion/matrix domains, which influenced the mechanical
properties; that is, it contributed to the stiffness increase of
the material. The presence of functional groups (HDPE-g-
MA) on the backbone of the matrix caused good interaction
between it and PANI, leading to good dispersion of PANI in
the matrix of the HDPE/LLPE/HDPE-g-MA.

Figure 5. SEM micrographs of fractured surfaces of (a) HDPE/
LLDPE/PANI/HDPE-gMA (40/40/5/15), (b) HDPE/LLDPE/
PANI/HDPE-g-MA (37,5/37,5/10/15), (c) HDPE/LLDPE/PANI/
HDPE-g-MA (35/35/15/15), (d) HDPE/LLDPE/PANI/HDPE-g-
MA (32,5/32,5/20/15), and () HDPE/LLDPE/PANI/HDPE-g-MA
(22,5/22,5/40/15), with magnification of 1000%.

Quiroz-Castillo et al.?® studied the influence of the addition
of polyethylene-graft-maleic anhydride as compatibilizer for
blends of LDPE and glycerol. The authors noted that the
use of compatibilizer and plasticizer agents improved the
processability and compatibility of the mixtures, as well their
mechanical properties, as revealed by mechanical property
measurements and SEM.

3.5 Electromagnetic characterization

Figure 6 shows typical graphs of €' as a function of
frequencies in the X-band (8.2 to 12.4 GHz) of the studied
samples. Firstly, it is observed that HDPE/LLDPE and
HDPE/LLDPE/HDPE-g-MA matrices (without PANI)
presented the lowest values of €', 2.098 and 2.053, at 10
GHz, respectively (Table 5). Table 5 presents the complex
parameters of ¢ in the middle of the X-band, that is, at 10

GHz. It is also verified that the &' of the HDPE/LLDPE
matrix containing the HDPE-g-MA agent is slightly smaller.
It is observed that €' increases progressively, with values of
3.142, 3.956, and 4.828 at 10 GHz for the HDPE/LLDPE/
PANI containing 10, 15, and 20 wt% PANI, respectively.
The highest value of 13.518 was observed for the composite
with 40 wt% PANI. The presented behavior is attributed to
the electrical conductivity of PANI®, where the increment
of PANI favored the increment of the storage component of
the electric permittivity of the composites, with a maximum
value for the sample containing 40 wt% PANI. Figure 6b
shows the €' curves for HDPE/LLDPE/PANI/HDPE-g-MA
samples. Compared to HDPE/LLDPE/PANI, the samples
containing the compatibilizer agent show lower &' values
(varying from 2.658 up to 11.528). The correlation of this
electromagnetic parameter with the mechanical properties
shows that the HDPE-g-MA increased the molecular rigidity
of the composites and disfavored the electromagnetic radiation
interaction; that is, stiffer molecular structures resulted in
lower &' values. The graphs also show that €' exhibits a
slight decrease with increasing frequency. Similar behavior
is described in the literature®*3!.

HDPELLDPE/PANI (30/30/40)

HDPEALDPL/PANT (40740:20)

HOPEALDPEPANY (42 5/42.5/1 5}
HDPEALDPE/PANE (45/45/10)
HDPELLDPE (50/50)

4 T T T T
8 9 10 11 12

(a) Frequency (GHz)

0 T H T T

9 10
Frequency (GHz)

(b)

Figure 6. Graphs of €' versus frequency of (a) LLDPE/HDPE/PANI
and (b) LLDPE/HDPE/PANI/HDPE-g-MA.

Figure 7 shows the analysis of the loss component ("),
which presented more significant variations as a function
of the frequency but, comparatively, it is possible to see
that the increment of PANI in the HDPE/LLDPE/PANI
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Table 5. Complex parameters of of the LLDPE/HDPE/PANI and LLDPE/HDPE/PANI/HDPE-g-MA samples at 10 GHz.

Sample €' g"

HDPE/LLDPE 2.098 0.010
HDPE/LLDPE/PANI (45/45/10) 3.142 0.037
HDPE/LLDPE/PANI (42.5/42.5/15) 3.956 0.058
HDPE/LLDPE/PANI (40/40/20) 4.828 0.069
HDPE/LLDPE/PANI (30/30/40) 13.518 1.805
HDPE/LLDPE/HDPE-g-MA (42.5/42.5/15) 2.053 0.015
HDPE/LLDPE/PANI/HDPE-g-MA (40/40/5/15) 2.658 0.024
HDPE/LLDPE/PANI/HDPE-g-MA (37.5/37.5/10/15) 3.163 0.034
HDPE/LLDPE/PANI/HDPE-g-MA (35/35/15/15) 3.817 0.050
HDPE/LLDPE/PANI/HDPE-g-MA (32.5/32.5/20/15) 4.630 0.068
HDPE/LLDPE/PANI/HDPE-g-MA (22.5/22.5/40/15) 11.528 0.953

-~
———

\\v/

HOPEALDPEPANI (30307403

(a) Frequency {(GHz)

3 HDPEILL PR
3 BDPELLI
) HDPEL
@HHOPRE

0,5 A . . : 7
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Figure 7. Graphs of &" versus frequency of (a) LLDPE/HDPE/
PANI and (b) LLDPE/HDPE/PANI/HDPE-g-MA.

composites increases the losses. This behavior is attributed
to the electric conductivity of PANI?. The highest £" values
are observed for the samples containing 40 wt% PANI in
the composites with and without compatibilizer agent (0.953
and 1.805, respectively, Table 5). In this case, the presence
of HDPE-g-MA diminishes the losses probably due to the
higher rigidity of the molecular structure containing the
compatibilizing agent.

In a general way, the complex parameters of permittivity
show that the composites present a stronger capacitive

effect, storing energy but with low dissipation. This fact is
enhanced in samples containing HDPE-g-MA agent, which
may be attributed to the possible increase of the stiffness of
the polyethylene matrix, disfavoring the losses of incident
waves in the X-band.

The magnetic parameters p' and p" varied around 1 and
0, respectively, for all samples. These values are typical for
dielectric materials, as cited in the literature®.

4. Conclusions

PANI affects the thermal, mechanical, and electromagnetic
properties of HDPE/LLDPE blends. The increase of
PANI content in the polymer blends reduces the degree of
crystallinity and increases the Young’'s modulus and the
complex parameters of electric permittivity. This indicates
that there is good adhesion between the HDPE/LLDPE and
PANI. The addition of HDPE-g-MA compatibilizer agent
affects the properties of the HDPE/LLDPE/PANI blends,
increasing the interactions between HDPE/LLDPE matrix
and PANI and enhancing the stiffness of the composites.
The fracture surface analysis shows that the presence of
compatibilizer agent in the HDPE/LLDPE/PANI improved
the homogeneity and the dispersion of the PANI particles in
the composites, resulting in a more fragile fracture surface.
The presence of PANI in the composites increased the
complex parameters of electric permittivity due to its electric
conductivity, but this increment is less pronounced in the
composites with the compatibilizer agent due to the greater
stiffness of the polyethylene matrix, which disfavored the
interaction and the dissipation of electromagnetic radiation
in the composites.
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