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ABSTRACT

The development of new conducting composites, for electric and electronic applications, with lower environ-
mental impact is a relevant issue. Blending poly (3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) with high-
density polyethylene (HDPE), 50/50 HDPE/PHBV, and multiwalled carbon nanotubes (MWCNTs) (3.5 and
7.5%), represents a suitable strategy for improving sustainability of conducting polymers while maintaining
procesability and functional performance. The study focuses on thermal, mechanical, morphological, rheological,
electrical properties and EMI shielding effectiveness. Composites show a morphology in which MWCNTSs remains
in HDPE phase. Without compatibilizer, only the composite with 7.5% of MWCNTs achieves a conductivity value
suitable for reaching 20 dB of electromagnetic shielding. In composites with PE grafted with maleic anhydride
(0.5%) the electrical conductivity substantially increased, achieving a suitable EMI shielding level with lower
proportion of nanotubes (5 wt%). Summarizing, composites with reduced environmental impact, suitable for

EMI shielding applications, have been obtained optimizing the MWCNTs amount and their dispersion.

1. Introduction

The dispersion of conductive fillers such as carbon nanofibers [1,2],
carbon nanotubes [3-7], graphene [8,9], carbon black [10,11] and
others, in a polymer matrix can result in electrical conductive polymer
composites (CPCs) that are frequently used to manufacture products
with electrical properties for designing sensors, electronic devices and
for EMI shielding applications. In the latter, CPCs are needed that
combine ease of processability and molding, low cost, light weight and
resistance to environmental conditions in addition to high level of
shielding. Amongst different possible fillers, single-walled or multi-
walled carbon nanotubes (MWCNTSs) show exceptional electrical prop-
erties and high aspect ratio and they are frequently used in electrical and
EMI shielding applications [12-18].

CPCs can be obtained by means of filler dispersion in a polymer
matrix or in a blend. The use of an immiscible polymer blend as matrix
can lead to preferential localization of nanofiller in one or other phase
(or even at the interface between the two polymers), resulting in a
segregated conductive network which has demonstrated to be effective
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for achieving high electrical properties (conductivity, EMI shielding)
using a low amount of filler [19-26]. For example, Wang et al. studied in
a review like various multiple structures improve EMI shielding
behaviour [27]. A control distribution of MWCNTs in isotactic poly-
propylene/poly (ethylene-co-1-octene) blends is used too by Liu et al. to
construct high-efficiently conductive networks resulting in a low
percolation threshold, high performance electrical conductivity and
electromagnetic interference shielding [28] effectiveness. Other
example is the study performed by Tian-Ning in which tunable electrical
conductivity and microwave shielding performance were obtained by
controlling the distribution of MWCNTSs in polyethylene/poly (ethyl-
ene-co-1-octene) [29] blends.

On the other hand, environmental problem caused by plastic waste is
leading the development of environmentally sustainable materials that
can replace current plastics. For this reason, application of biopolymers
is increasing in all fields of sciences and technology [30,31]. For
example, Ebrahimi et al. incorporated titanium dioxide in a poly
(1-lactide)-b-poly (e-capolactone) improving thermal and mechanical
properties [32,33]. Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
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(PHBV), a bio-based, biodegradable and biocompatible polymer pro-
duced naturally by bacteria, is being used as alternative for many
non-biodegradable synthetic polymers. Blending PHBV with conven-
tional polymers represents a good strategy for developing more sus-
tainable composites and extend the properties range of pristine polymers
[30,31,34]. HDPE/PHBV blends with different compositions have been
reported with good mechanical, chemical and thermal properties or
even with improved barrier properties for packaging applications
[35-37]. Although the combination of bio-based and biodegradable
polymers with synthetic polymers may have influence on the biodeg-
radation of polymeric material [38] the obtained blend continues being
biodegradable. Besides, the addition of conductive fillers in PHBV ma-
trix not compromise its biodegradability, although the biodegradation
rate decreases [39-41].

Heterogeneous polymer blends formed with PHBV and a conven-
tional polymer (as polyethylene), with a segregated conductive network
(which allows an appropriate distribution of filler inside), could obtain
good electrical properties with low filler amounts while decreasing
environmental impact of similar composites. On the whole, the addition
of MWCNT in HDPE/PHBV blends with a suitable morphology, consti-
tuted a promising approach towards more sustainable conductive
polymer composites. The literature presents some few works related
with biopolymer and synthetic polymer blends loaded with MWCNT
[42,43]. As an example Tan et al. studied the effect of phase morphology
and distribution of MWCNTs in poly (e-caprolactone)/poly (i-lactide)
blends on microwave shielding obtaining promising results with a
sea-island morphology [44] and even best with a sandwich structure.
Nevertheless, to the best of our knowledge, this work is the first study on
feasibility of HDPE/PHBV blends filled with MWCNTs to obtain
conductive polymer composites for EMI shielding applications.

In spite of the intrinsic conductivity of MWCNTs and their high
aspect ratio, low percolation threshold in polymer matrices prepared by
blend melting is not easily achieved due to the tendency of MWCNT to
agglomerate because attractive van der Waals forces. To overcome this
drawback, it is important to select the appropriate processing condi-
tions, but also, to perform a surface treatment of the MWCNTs which
optimizes their dispersion into the polymer matrix and/or to use an
appropriate compatibilizer, to improve the interfacial adhesion between
polymer and fillers. As a result, other properties like mechanical
strength and electrical conductivity are also improved. The employment
of maleic anhydride grafting polymers is a common strategy to com-
patibilize polymeric blends. In addition, ionic liquids has proven to be
successful in PP/PLA blends filled with MWCNT improving considerably
electrical conductivity and electromagnetic interference shielding
effectiveness [43]. However, the use of ionic liquids is more expensive
and their use on an industrial scale is more complex.

The main goal in this work is the development of new conducting
polymer composites based on 50/50 HDPE/PHBV matrix using MWCNT
as conductive filler. To achieve improved electrical performance, the
composites were designed to obtain a segregated conductive network,
which maximises the properties with lower filler amounts. In order to
improve the dispersion of the MWCNTSs, an ethylene and anhydride
maleic copolymer was used as compatibilizer. The study was focused on
thermal, mechanical and electrical properties of composites, as well as
on the effectiveness of the new composites in EMI shielding applications.

The data show that the use of polyethylene grafted with maleic, at
low amounts, improves the electrical properties and consequently the
EMI shielding performance obtained by nanocomposites. These results
are related to morphological changes by improving the dispersion of
CNTs in the matrix and better adhesion between the PHBV and PE
phases.
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2. Experimental
2.1. Materials

A poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV Nature-
Plast PHI 002 supplied by Natureplast) (density: 1.23 g/cm® and Melt
flow rate:5-10 g/min (190 °C, 2.16 kg)) and a high density polyethylene
(HDPE 25055E supplied by Down Chemical Iberica, S.L.) (density:
0.955 g/cm® and Melt flow index:25 g/min (190 °C, 2.16 kg)) were used
as polymeric matrix. The nanotubes were incorporated into the poly-
meric matrix from a masterbatch based on high density polyethylene
loaded with 15 wt% of MWCNT (Plasticy]l HDPE1501 supplied by
Nanocyl S.A, Sambrevile, Belgium). MWCNTs (characterized according
to the supplier) present an average diameter of 9.5 nm, a length of 1.5
um, a carbon purity of 90% and a surface area of 250-300 m? g~!. A
random ethylene copolymer, incorporating a 12% of monomer, which is
classified as being a maleic anhydride (MAPE) (FUSABOND M603 by
Down Chemical) was used as a compatibilizer. It shows a density of 0.94
g/cm® and a Melt Flow Rate of 25 g/10 min (190 °C, 2.16 kg).

2.2. Preparation of the composites

Table 1 shows the composite formulations with 50/50 HDPE/PHBV
ratio and different contents of MWCNT. The MWCNT masterbatch was
diluted with the same HDPE. The 50/50 proportion of HDPE/PHBV was
selected in order to obtain a more sustainable and affordable material
for the industry. On the other hand, in this proportion, HDPE/PHBV
blend is immiscible, which will help to obtain a segregated conducting
network in the composite.

Before extrusion, PHBV was dried in an oven at 80 °C for 4 h. Then,
the different composites were extruded using a miniextruder equipped
with twin conical co-rotating screws and a capacity of 7 cm® (Minilab
HaakeRheomex CTW5, Thermo Scientific). The extrusion was carried
out in two steps: in the first step, the masterbach was diluted with HDPE,
in order to obtain the desired amount of MWCNTSs, using a rotation rate
of 40 rpm, a temperature of 190 °C and a residence time of 3 min; during
a second extrusion step (at 190 °C and 40 rpm for 3 min), PHBV was
incorporated into the HDPE/MWCNT blend. The maleic anhydride
grafted polyethylene used as compatibilizer, was added in the second
step of extrusion. Composite formulations and their nomenclature are
displayed in Table 1.

The samples for the different tests were injection moulded in circular
specimens (diameter of 25 mm and thicknesses of 1.5 mm) and
prismatic specimens (2 x 4x10 mm) using a Haake MiniJet Pro in-
jection molding machine (Thermos Scientific) at 190 °C, applying
800 bar for 10 s.

Table 1
Raw materials, binary blends and composites formulation. Rheological cross-
over points of different formulations.

Sample PE (wt. PHBV MWCNT Compatibilizer wc; Ge
%) (Wt.%) (Wt.%) (Wt.%) (rad.s™;
Pa)
HDPE 100 - - - G’>G
PHBV - 100 - - G’ >G
HDPE/ 50 50 - - G’>G
PHBV
M1 46.25 46.25 7.5 - G >G"
M2 47.50 47.50 5 - G >G"
M3 48.50 48.50 3 - 1.53; 4583
M1* 46.00 46.00 7.5 0.5 G >G"
M2* 47.25 47.25 5 0.5 G >G"
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2.3. Sample characterization

The morphology of the composites was evaluated by Scanning
Electron Microscopy (SEM). Specimens were broken under cryogenic
conditions and then examined using a JEOL JSM-7200F Field Emission
Scanning Electron Microscope at an accelerating voltage of 10 kV. Prior
to observation, the samples were sputter-coated with a thin palladium/
platinum layer (Cressintong 208HR).

The rheological measurements were performed using a controlled
strain rheometer (ARES, TA Instruments) with parallel-plate geometry
(25 mm diameter, 1 mm gap) at 190 °C. The complex viscosity (n*),
storage modulus (G'), and loss modulus (G”) were measured as a func-
tion of frequency (®). The rheological tests were performed in the linear
viscoelastic region (LVE). This linear viscoelastic region was determined
previously from a strain sweep test. The frequency sweep measurements
were set up in the frequency range 1 x 107! to 10% rad s~ ..

Thermal measurements were carried out with a differential scanning
calorimeter (DSC 2020, TA Instruments)) under nitrogen atmosphere.
The samples (6-10 mg) were heated from 0 °C to 230 °C at a rate of
10 °C.min"! and mantained 5 min At 230 °C to erase their thermal
history. Finally, they were cooled to 0 °C at a rate of 10 °C.min"".

The degree if crystallinity (Xc) of HDPE and PHBV were calculated
by the following equation:

AH,,

Xec=
AH 005

x100 (€8]

where AHjgg, is taken to be 293.6J/g for the heat of fusion of 100%
crystalline HDPE [45] and 146.6 J/g for the heat of fusion of 100%
crystalline PHBV [41].

Thermogravimetric Analyses (TGA) were performed using a TGA
4000- PerkinElmer, set-up under nitrogen atmosphere supplied at a
constant flow rate of 50 ml min~!. The composites were subjected to a
heating rate of 10.0 + 0.1 °C.min"! in the temperature range between
50 up to 700 °C.

Uniaxial tensile test were performed in an Instron dynamometer
5566 at 2 mm/min in accordance with ISO 527 standard recommen-
dations. Stress-strain curves were obtained from these tests. Young’s
modulus, tensile strength and elongation at yield and at break point
were determined from these curves. A minimum of six specimens were
tested for each system. The average values of the mechanical parameters
and their deviations were calculated.

Shore D hardness values were also determined by using a Durotech
MD-202 durometer in accordance with ISO 868 standard. The mea-
surements were carried out 15 s after the durometer tip had touched the
sample. All mechanical tests were performed at room temperature and at
least six measurements were performed for each sample.

The electrical conductivity (c) at room temperature was calculated
from the electrical resistance data by the four-probe method (LORESTA-
GP, Mitsubishi Chemical, MCP-T610). The electrical conductivities re-
ported for each formulation are the mean values of at least 12 readings
determined on three different samples.

Dielectric measurements were carried out at room temperature with
a Quadtech 1920 Precision LCR Meter in the 20 Hz-1 MHz frequency
range with an applied voltage of 1 V. Five millimeter diameter gold
electrodes were sputtered with a ~25 nm thin gold layer, using a
Polaron SC502 sputter coater under nitrogen atmosphere. The capacity
(C) and dielectric losses (tan §) were obtained as a function of frequency
(v). The real and imaginary part of the dielectric constant (¢’and €’*) and
real part of the conductivity function (¢") were obtained according to:

C.d

- 2

A @
/!

tand =— 3
£
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where A indicates the plate area, d is the plate distance (samples
thickness), gg (8.85 x 10 12F m_l) is the permittivity of free space, ¢’
and ¢’” are the real and imaginary dielectric constants, respectively, and
® = 2xf is the angular frequency. With dielectric measurements data of
the different composites, the classic electromagnetic theory was used to
predict the shielding effectiveness (SE) data.

According to Colaneri and Shacklette for the far-field shielding, with
the classic the EMI shielding is given according to equation (5):

’

d
) +205 )

SE = 10l0g(; 2; e

where ¢’ (S/cm) is the bulk conductivity of the conductor, f (Hz) is the
frequency, € (8.85 x 1074 F cm’l), d (cm) is sample thickness, po = 4.

-9 -1 A 1 celei 5
71077 (Hem™ 7) and 8= | / /Hoﬂfo' cm, which is called “skin depth” of

conductor. The skin depth is a measure of the depth to which the radi-
ation will penetrate within the material (with a decrease in intensity of
1/e of its original strength).

The first term of Eq. (5) is the contribution to the shielding due to the
single reflections to the incident wave by the front and back surfaces of
the sample. The second term represents the attenuation by absorption as
the wave passes though the sheet. The contribution of the multiple re-
flections is ignored in this model.

This model was successfully applied previously to measure the EMI
shielding effectiveness of blends of PVC/polyaniline [46] and carbon
nanofiber/liquid crystalline polymer composites [47] or even carbon
nanotube/polycarbonate composites [19].

3. Results and discussion
3.1. Morphology characterization

The micrographs obtained by scanning electronic microscopy (SEM)
for polymeric blend and composites with different amounts of MWCNTSs
are shown in Fig. la. SEM analysis were conducted to explore the
location and distribution of the MWCNT within the HDPE/PHBYV blend.
From Fig. 1a two major observations can be drawn. The first one is the
heterogeneous morphology in the case of the 50/50 HDPE/PHBV (usual
in an immiscible blend) that seems a sea-island structure. The second
observation is the selective location of MWCNTs in PE phase. The
morphology of the phases depends on the blend composition, viscosity
ratio between the components, and processing parameters (extrusion
parameters in this work). The location of MWCNTs in PE phase is related
with a viscosity ratio lower than 0.5 (hpgpy/npe = 0.46, measured at
190 °C and 100 s~ 1). HDPE/MWCNT masterbatch has a higher viscosity
than PHBV. This fact makes difficult for MWCNTs that are included in
HDPE masterbatch to leave HDPE and go into PHBV. As the mixture
moves forward in the extruder PE melts, the continuous phase is formed
but the larger part of the MWCNT do have no time to move to the other
phase. Finally, it can be observed an acceptable dispersion level of
nanotubes in the polyethylene matrix, as MWCNT content increases.
This can be corroborated in Fig. 1b where composite M3 is shown with
higher magnification.

The lack of adhesion between the HDPE and PHBV phases, due to the
immiscibility between both polymers, becomes more pronounced when
larger amounts of nanotubes are incorporated. It is important to note
that as the percentage of nanotubes increases (from M3 with a 3% of
MWCNTs to M1 with a 7.5% of MWCNTSs) the surface becomes rougher
and the lack of compatibility between HDPE and PHBV phases is more
evident. This fact is probably related to a greater stiffness of the matrix
as the amount of filler increases and therefore to a more brittle breakage
of the samples.

Fig. 2 shows the effect of adding maleic anhydride grafted PE in
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Fig. 1. SEM micrographs of A) PE/PHBV blend with magnitude amplification 2000 x , B) M1 composite, C) M2 composite and D) M3 composite, with magnitude

amplification 3500 x and inset 5000 x .

Fig. 2. SEM micrographs of PHBV/grafted-PE/MWCNT composites A) M1* and B) M2* with magnitude amplification 3500 x .

composites’ morphology. The most significant consequences are that the
fracture surface appears much smoother and the fracture was progres-
sively more cohesive. The two phases appear more strongly connected
and this indicates an increase in the interfacial adhesion as a result of the
compatibilization effect of the maleic anhydride.

3.2. Rheological characterization

Melt rheological characterization provides information about the

structure of blends and composites. Fig. 3a shows complex viscosity
versus frequency. Raw polymers (HDPE and PHBV) shown a Newtonian
behaviour almost in all the frequency range. Binary blend show shear-
thinning behaviour, the reason for this is related to the immiscibility
of both phases that prevents stress transfer between them and results in
interfacial slippage. Composites shown shear thinning behaviour too as
previously observed in other filled blends [48-55]. An increase in vis-
cosity is observed with an increase in filler concentration, this increment
being larger in the region of low frequencies. At high frequencies, the
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Fig. 3. Rheological parameters versus frequency; a) Complex viscosity (1*); b) Storage modulus for polymers, binary blends, and composites.

polymer chains do have not enough time to recover the original filler
particle distribution. In addition, the probability of direct interaction
between the filler particles rises as the concentration of filler increases
making shear-thinning more noticeable.

Fig. 3b shows the frequency dependence of elastic modulus for pure
polymers, unfilled HDPE/PHBV blends and composites. The effect of
adding MWCNTSs on the storage modulus is an increase in its value due to
the interconnected network structure within the matrix, as can be
observed in filled blends [48-55].

At low frequencies the fully relaxed HDPE and PHBV chains exhibit
the typical Newtonian viscosity plateau with the scaling properties of
approximately G’a ®2, whereas the incorporation of carbon nanotubes in
the polymer gradually transforms the liquid-like terminal behaviour to
solid-like non terminal behaviour characterized by having G’ indepen-
dent of . This non-terminal low frequency behaviour has been attrib-
uted to the fact that, though the polymer chain interaction still exists,
the introduced nanotube-nanotube and MWCNT-polymer interactions
come to dominate, eventually leading to percolation and the formation
of an interconnected structure of MWCNTs in the matrix.

The crossover point (o, G¢), the point at which curves of G’ and G”
against frequency intersect are also recorded in Table 1. This point is
characteristic of the transition from viscous to elastic behaviour
[54-56]. For pure polymers and binary blend G” is higher than G’ in all
frequency range, indicating a liquid-like behaviour. For composites with
low percentages of filler (3 and 5%) the behaviour does not change
indicating a lack of percolation, while composite with a 7.5% of
MWCNTs is percolated showing a crossover point at intermediate
frequencies.

The compatibility of immiscible blends was investigated from the
variation of rheological properties by adding a compatibilizer and
compared with the properties previously obtained. Fig. 3a shows that,
with the addition of maleic anhydride, higher values of viscosity than

Table 2
Thermal properties for the pure polymers, blend and composites
(average values and standard deviations in parentheses).

the immiscible blends are observed, which reflects the fact that extent of
the compatibilization is increasing. This is due to the improvements of
interfacial adhesion between PE and PHBV, as can be seen in the
morphology (Fig. 2) and the probably better MWCNTs dispersion due to
the compatibilization. In the same way higher G’ values are observed in
Fig. 3b.

3.3. Thermal properties

Table 2 show thermal properties obtained from DSC thermograms of
the samples with similar thermal history (Fig. 4). It is shown that, the
pristine polymers melt in different temperature ranges, showing well-
defined melting peaks centred at 130 °C (HDPE) and 175 °C (PHBV),
respectively. Regarding to crystallization temperatures (T.), they have a
value around 100 °C for HDPE and 115 °C for PHBV. 50/50 HDPE/PHBV
blend shows two separate melting peaks but centred at slightly lower
temperatures than the pristine thermoplastics. Besides, there is a
shoulder, around 170 °C, ascribed to the heterogeneous crystallization
of PHBV in the presence of HDPE. This fact is related with a lack of
thermodynamic miscibility between HDPE and PHBV, as can be
observed previously in rheological and morphological results and it is a
typical behaviour in immiscible blends. When the MWCNTs are added,
the effect in the thermal properties is different in HDPE than in PHBV.
The nanotubes acts as a nucleating agent in HDPE matrix, increasing the
melting temperature and enthalpy during melting (AH,) as function as
MWCNT amount. As a consequence, the degree of crystallinity of HDPE
increase. No effect is observed in the melting temperature of PHBV, but
its melting enthalpy and crystallinity was significantly reduced as
MWCNT increases in the composite. This may be related to the fact that
both polymers crystallize in the same temperature range, but the
MWCNTs only act as nucleating agent in the HDPE matrix, hindering,
probably, some of PHBV crystallization.

Sample Tm1 (°C) Tmz (°C) T (O Tez °C) AHp,; (Xcpppr)* AHp (Xcxppe)* Tdeg pE (°C) Tdeg prpy (°C)
(J/ guppE) (J/8punv)

HDPE 132.6 - 108.4 - 176.4 (60.1) - 482 -

PHBV - 175.5 - 121.9 - 86.8 (59.2) - 289
PE/PHBV 130.3 164.2 98.9 115.8 175.8 (59.9) 82.2 (56.1) 461 284

M1 135.6 164.7 98.8 116.5 204.2 (69.6) 64.0 (43.7) 475 279

M2 134.9 164.9 97.3 115.9 182.3 (62.1) 64.8 (44.2) 478 279

M3 133.8 165.0 96.0 115.5 175.2 (59.7) 69.1 (47.1) 475 284

M1+ 140.2 163.3 80.6 116.3 155.9 (53.1) 33.5(22.9) 477 287

M2* 136.9 161.9 75.5 117.7 190.9 (65.0) 48.0 (32.7) 478 281

*the crystallinity degree of each polymer (Xc), in percentage, is indicated in brackets.
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Fig. 4. DSC thermograms for PE, PHBV and composites; a) heating second scan, b) cooling scan.

In fact, it is important to note that MWCNTSs are mainly dispersed in
polyethylene matrix, as can be seen in morphological results.

When polyethylene grafted maleic anhydride is incorporated, the
compatibility between the two polymers increases, leading to changes in
their thermal properties.

The thermograms show an increase in the melting temperature of
HDPE. The melting temperature of the PHBV decreases slightly, but the
most remarkable issue is that the shoulder disappears at 170 °C. On the
other hand, the thermograms show a third peak between the two
(around 150 °C) (see Fig. 4a), probably related with the melting of
imperfect crystals, which crystallized at low temperatures during the

cooling scan and may have also experienced melting-recrystallization
during the second DSC heating.

Thermogravimetric analysis (TGA) was used to evaluate the thermal
degradation of the masterbach of PE (PE+15%MWCNTs), PHBV and
composites. From Fig. 5 and Table 2 it is possible to state that PE mas-
terbach degrades at 480 °C (above to PE pristine at 462 °C for the CNTs
presence, not showed here) while PHBV have a degradation temperature
around 280 °C. The TGA thermograms of HDPE/PHBV blend and
MWCNT composites show two steps, a first one corresponding to the
degradation temperature of PHBV (around 280 °C) and a second one, at
a higher temperature, to HDPE. The incorporation of MWCNTs increases

100 q=mme
Masterbach
i 124 HDPE+15% MWCNTs
=
80 + D e = — e — . — MT’
= r_\ M1
J R 4] M2
M3
. 60- - : HDF:E/PHBV ‘
'5, 4 550 600 650 7004
‘D J i Temperature (°C) 7
2 :
X 40 J
/
- ,I"
o,‘
20 4 s
................ /
i
Y i =
0 y T T T T T T T EXEEED I ; 1
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 5. TGA results for PE, PHBV and composites.



D. Fernandez Armada et al.

the thermal stability of the polyethylene part, while the degradation
temperature of PHBV part decreases slightly with respect to the Tdeg in
the HDPE/PHBYV blend. This may be related to the fact that the nano-
tubes are more thermally stable and confined in the polyethylene ma-
trix. In the nanocomposites thermograms, the residual mass, measured
at 700 °C, agrees with the amount of MWCNTs incorporated in the
matrix, which shows that the samples are homogeneous and that the
actual amount of filler matches the nominal one.

3.4 Mechanical properties.

The modulus, strain and tensile strength at yield point and the same
parameters and strain at break are presented in Table 3. While the HDPE
shows a ductile behaviour, PHBV, HDPE/PHBV blend and composites
are brittle materials, with a break point closer to the elastic limit. The
stiffness of the blend shows an intermediate behaviour between the two
immiscible polymers (as would be expected due to the lack of compat-
ibility). Nevertheless, this drawback in mechanical properties must be
assumed for obtaining a segregated network structure. When MWCNT
are incorporated to the blend an enhancement in the modulus regarding
to the blend is observed due to the higher rigidity of the filler. This is in
agreement with the G’ values obtained from the rheological properties.
However, not important changes are observed in strain or tensile
strength at break point indicating that are not produced changes in the
ductility of the samples with MWCNT addition.

The principal aim of anhydride maleic incorporation into HDPE/
PHBV/MWCNTSs composite formulations was to achieve increased
toughness and improved morphological (more uniform morphology)
and rheological properties of the materials. The target was partially
obtained because of the ductility improvement was scarce, respect the
nanocomposites without MAPE, although was obtained in the case of
morphological and rheological properties.

Hardness of pure polymers, blends and composites is presented in
Table 3. Hardness of polymer blend is in the middle of HDPE and PHBV
hardness, being higher in the case of PHBV as it is expected in a more
fragile material. A hardness increase with nanotube amount it is
observed that it is related with an expected increase of material rigidity
with filler. With grafted PE an increase in hardness is observed that can
be related with the increase in polymers compatibility and a better
dispersion of nanotubes in the HDPE/PHBV matrix.

3.4. Electrical conductivity

Fig. 6 represents the electrical conductivity values of different
composites. The addition of MWCNT increases the electrical conduc-
tivity of HDPE/PHBYV blend (clearly electrical insulator) as a function of
MWCNT amount up to a value of 5.29 x 1072 S cm ™! measured in M1
with 7.5 wt% MWCNT. The degree of compatibilization achieved after

Table 3
Mechanical properties for the pure polymers, blend and composites
(average values and standard deviations in parentheses).

Sample E (MPa) Gy ey (%) op ep (%) Hardness

(MPa) (MPa) (Shore D)

PE 443 22.6 19.8 16.5 927.6 59.1 (0.4)

(42) 0.4) (0.6) (2.0) (71.7)

PHBV 1634 31.9 2.5 33.3 2.7 (0.4) 79.4 (0.8)
(141) (1.9) 0.1) 4.7)

PE/ 775 19.6 3.5 18.7 3.8(0.8) 64.5(0.6)
PHBV (53) (3.5 (0.8) (3.5)

M1 1247 27.0 3.4 26.7 3.5(0.9) 68.1(0.7)
(31) (2.5) (0.9) (2.6)

M2 1156 22.6 4.0 22.4 4.2(0.4) 66.8(1.3)
(54) 3.7 0.4) 3.7)

M3 878 21.1 4.4 20.5 4.8(0.7) 65.4(0.7)
(61) 3.4 (0.6) 3.2)

M1* 1201 24.4 3.6 24.2 4.2 (0.4) 71.4 (0.4)
(99) (3.6) (0.3) (2.9

M2* 1136 29.0 4.0 26.6 4.2(0.4) 70.2(0.4)
(88) (1.2) (0.3) (4.2)
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the incorporation of polyethylene grafted with maleic anhydride in
composites M1 and M2, allowed a significant increase in conductivity
(near one order of magnitude in M1* and two orders of magnitude in
M2* as presented in Table 2).

To obtain a conductive plastic that can be used to manufacture an
electromagnetic shielding (EMI) chassis, the volume resistivity of the
material must be 10* Q cm or lower (same order of magnitude for sur-
face resistivity). Since the electrical volume resistivity is inversely pro-
portional to the electrical conductivity, the minimum conductivity value
that guarantees that a certain EMI corresponds to a value of 107*S cm ™.
From the values displayed in Fig. 6, it can be concluded that M2 and M1
(with and without MAPE) composites are within the EMI shielding
range, so the new formulations would be suitable for applications in this
field.

Anyway, it must be taken into account that it is established that in
order to achieve 99.9% attenuation of EMI radiation, which is consid-
ered an adequate level of protection for many applications, a shielding
or shielding efficiency greater than 20 dB is needed. According to the
bibliography, this target requires, theoretically, an electrical conduc-
tivity of 1072'S em™! [6,7,17,18,42]. Taking into account values in
Table 2 it can be observed that for composites M1, M1* and M2* a value
of 99.9% attenuation is obtained.

With a 0.5% content of maleic anhydride, the electrical conductivity
experiments an increase of two orders of magnitude in M2* composite
with respect to M2 composite, and an increase of one order of magnitude
in M1* with respect to M1. Therefore, the fact of introducing poly-
ethylene grafted with maleic anhydride represents an appropriate
strategy to enhance the electrical conductivity values. With the incor-
poration of maleic anhydride appropriate shielding values are obtained
with a minor amount of MWCNTSs. In fact, the conductivity value of M2
composite (5% MWCNT) is similar to the M1 value (7.5% MWCNT)
without MAPE.

To confirm this results and to ensure that this values are suitable EMI
applications theoretical shielding values were calculated as explained in
experimental part. Fig. 7 shows the EMI shielding data for nano-
composites in the frequency range between 10° and 10° Hz. All com-
posites display a shielding level constant over the studied frequency
range. Again, the material with a better shielding behaviour is the M1*,
with values around 80 dB but all of them are over the 20 dB value
needed to obtain a 99.9% attenuation of EMI radiation adequate for use
in electronic housings. The maleic anhydride addition improve shielding
values related with the enhancemente in conductivity getting appro-
priate shielding values with a minor amount of filler (M2*).

In summary, it is worth noting that the nanocomposites which were
partially compatible with MAPE, display a clearly higher ductility and
hardness than the HDPE/PHBV blend, as well as electrical properties, as
was the original goal.

4. Conclusions

Polymer nanocomposites with electromagnetic shielding properties
have been designed based on two polymeric immiscible matrices, HDPE
and PHBV, in a 50/50 ratio by adding different amounts of MWCNTSs
(3.5 and 7.5%) and their physical properties characterized. The
morphological images show composites with a typical morphology in an
immiscible polymeric blend, confirmed by a double peak in DSC ther-
mogram, where the MWCNTs are placed in HDPE matrix. This promotes
an increase in the viscosity, with respect to pure polymers and polymer
blend, and a plateau in moduli that indicates the formation of a perco-
lated structure. In this structure the MWCNTSs act as nucleants promot-
ing an increase in thermal stability of PE. All nanocomposites show a
certain level of conductivity but only composite with 7.5% of MWCNTSs
shows a conductivity value suitable for reaching 20 dB of electromag-
netic shielding which is an adequate value for many applications.

When 0.5% of PE grafted with maleic anhydride was added to the
compounds with 5% and 7.5% of nanotubes, the interfacial adhesion



D. Fernandez Armada et al.

1 0-2 _____________

10°

NO EMI ZONE
10°

Conductivity (S.cm™)

10°

107 M3

10 4+ = = = = = - === =

Polymer Testing 112 (2022) 107642

10®

4 6 8

MWCNT (wt.%)

Fig. 6. Electrical conductivity result versus MWCNTSs proportion in composites (Horizontal lines delimitates EMI ZONE, NO EMI ZONE and the 20 dB line from that

an attenuation of 99,9% of EMI radiation is obtained).

80

20+

0 : : : :
2x10° 4x10°

6x10° 8x10° 1x10°

Frequency (Hz)

Fig. 7. The shielding effectiveness predictions according to Colanery and Shacklette [46].

between phases and the MWCNT dispersion improved causing an in-
crease in conductivity that leads to a suitable EMI shielding level with a
minor proportion of nanotubes. Nevertheless, no important effects are
observed in mechanical properties.

Summarizing, the compounds with 5% and 7.5% of nanotubes and
0,5% of PE grafted are advanced sustainable composite materials, with
adequate conductivity and electromagnetic shielding values for devel-
oping EMI shielding applications. This also constitutes a breakthrough

for industrial applications where environmentally friendly polymers are
increasingly required with identical performance as conventional
polymers.
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