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Abstract

The effect of silica filler (in the form of glass beads) on polyethylene composite properties has been studied. Conditions
for obtaining polyethylene-based composites in the extrusion process were developed. Two types of such composites were
prepared: non-oriented and oriented in the uniaxial stretching process in a ratio of 3:1. The morphology, microstructure
(including crystallinity degree), mechanical resistance, and thermal stability of the obtained composites containing 2.5-10%
of the filler were analyzed by the scanning electron microscopy connected with energy dispersive X-ray analysis, X-ray
diffraction, differential scanning calorimetry, thermogravimetry methods, and tensile tests. In order to induce piezoelectric
effect, the samples were charged with a direct current of 100 V/pm at 85 °C. The piezoelectric properties of the polyethylene
composites were determined by the measurement of charge and voltage of current generated during action of stress up to
120 kPa. Piezoelectric coefficients, d;; and g;3, versus applied stress were determined and the stability of electrets stored
during 2-5 months was tested too. The best piezoelectric properties were found for medium-density polyethylene composite
containing 5% of glass beads.

1 Introduction

The innovative materials with the designed tailored utility
properties determine the development of modern technolo-
gies, for instance, piezopolymers, can find many practical
applications such as sensors, actuators, or transducers, in
medicine, electronics, forensic, military, and space indus-
tries [1-3]. The piezomaterials, named also piezo-electrets,
are characterized by the specific internal structure allowing
for polarization and accumulation of electric charges, which
can be transformed into mechanical forces and vice versa.
Nowadays, they can be used for the production of micro-
electronic wireless equipment with very low power con-
sumption or even as current generating devices owing to
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the piezoelectric effect resulting from the reversible con-
version of mechanical vibrations into electrical impulses.
The future functions of the piezoelectric polymers, such as
energy harvesting and storage or energy-efficient solid-state
electronic refrigeration, should be mentioned [4-6] because
it is related to the search for alternative, ecological energy
sources, which is one of the main word problems.

Moreover, the piezoelectric effect can be used in the sys-
tems that are able to restore the energy dissipated during the
car traffic, which may be important due to the rapid develop-
ment of motorization. Appropriate technological solutions in
this field have led to the construction of energy-generating
roadways [7-9]. The possibility of transforming wind energy
or falling raindrops is a great challenge as well [10].

Piezoelectric materials have applications in biotechnol-
ogy and medicine. As it was found over 50 years ago, human
tissues (bones, muscles, ligaments, tendons, and cartilages)
exhibit piezoelectric properties; therefore, the design of syn-
thetic materials with analogous properties is of great signifi-
cance in regenerative medicine or robotic system construc-
tion [11-13].

In addition to ionic and polar substances, there are also
non-polar compounds, e.g., polymers including polyole-
fin, that exhibit the piezoelectric effect [14—16]. Polymers,
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which are mostly dielectrics, have many valuable advan-
tages such as flexibility, low density, good mechanical
properties, the ability to form different shapes, and chemi-
cal resistance.

The properties of the polyolefin result from the chemi-
cal structure (e.g., the type of branching influencing also
the crystallinity) as well as from the presence of modifying
additives and processing aids. The crystallinity of polymers
depends on the molecular weight, dispersity, and the thermal
history of the sample. Generally, the high molecular order-
ing leads to higher tensile strength, stiffness, and hardness
but it simultaneously causes the decrease in the polymer
elasticity. At the same time, the presence strength of crystal-
line phase greatly affects other properties such as brittleness,
thermoplasticity (and therefore also processability), thermal
and photochemical stability, and optical properties. Introduc-
tion of higher olefins (containing 4-10 carbon atoms), as
co-monomers in copolymerization with ethylene, leads to
the controlled branching of the polyethylene (PE) chains,
causing the reduction of macromolecular ordering, and con-
sequently a decrease in brittleness and an increase in the film
transparency.

As the research demonstrated, the piezoelectric effect
often resulted from the cellular structure of the polymeric
film. The voids created inside the polymer were responsible
for the formation of stable dipoles. Such voided morphol-
ogy contributing to the creation of electrets in the polymers
has been also described by other authors [17-22]. To ensure
suitable functional features of products, including piezoe-
lectric properties, appropriate amount of amorphous phase
should occur in the polymer structure because this phase
is responsible for adequate flexibility of the system. Small
variations in the composite structure (e.g., structural defects
and imperfections), depending on manufacturing conditions,
influence the designed properties of the product; therefore,
it is vital to determine exactly how to manufacture them.

The purpose of this research was to obtain and character-
ize the properties of piezoelectric composites made by extru-
sion of two types of polyethylene, PE (high and medium
density—HDPE, MDPE) filled with glass beads. PE was
chosen due to its wide availability, well-known processing
and low price, which should guarantee the obtaining cheap
piezoelectric materials. Moreover, the extruded films were
uniaxially oriented in order to increase the crystallinity. The
main purpose of the glass beads application as a filler was to
obtain the piezoelectric PE-based composites; however, this
filler had an advantageous effect on other material proper-
ties and processing too. It is known that, the polymer with
GB displays the improved strength and stiffness, diminished
shrinkage, and enhanced flame retardancy as well as easier
processing [23-26]. Its action strongly depends on the par-
ticles size and shape, distribution in a polymer matrix, and
interactions with the macromolecules.

2 Experimental part
2.1 Materials

High-density polyethylene (HDPE) Tipelin FS 471-02
(density d=946 kg/m?) and medium-density polyethylene
(MDPE) Tipelin FS 383-03 (d =938 kg/m?), produced by
MOL Petrochemicals Co. Ltd., Hungary, have been used as a
matrix. According to the information, provided by the manu-
facturer, both materials were copolymers with hexene-1 and
contained antioxidant and acid scavenger [27, 28].

Silica filler in the form of glass beads MinTron 7 (Rock-
Tron, United Kingdom, Dy, <20-30 pm, abbreviation GB)
[29] was added to the polymer in amount of 2.5%, 5%, or
10% by weight.

2.2 Preparation of polyethylene composites

The polymer and the filler have been mixed to form compos-
ites and then the obtained composites have been pelletized
in co-rotating twin-screw extruder of the type Biithler BTSK
20/40D at 190-195 °C. These pellets were taken to extrude
a cast film using a single-screw extruder—Plastis Corder
PLV 151 Brabender.

The part of the samples were uniaxially oriented in a ratio
of 3:1 at room temperature with the usage of the device
produced by Institute for Engineering of Polymer Materials
and Dyes—Torun, Poland.

2.3 Characterization of polyethylene composites

The sample structure was examined by scanning electron
microscopy (SEM) Jeol 5500 L operating in high vacuum
and with accelerating voltage of 30 kV. The ETD high pres-
sure detector with the secondary electrons (SE) detection
was used. SEM photos of representative areas were taken.
Energy dispersive X-ray (EDX) analysis has been simulta-
neously performed to observe the elemental composition of
the specimen surface.

The composite interior was imaged after brittle fracture
of the samples in liquid nitrogen. The tested sample surfaces
were sputtered with gold.

X-ray diffraction (XRD) patterns were obtained by
X’PERT Pro Philips diffractometer (with Ni-filtered Cu
K, radiation; wavelength 1.54056 A) in the range of
20 =10°-60° by the step of 0.02°.

The recorded XRD profiles have been used for deter-
mination of the degree of crystallinity (Xxgp, %) of PE
expressed as the ratio of the peak area of the crystalline
phase to total surface area under the curve (which is a
sum of crystalline peaks areas and amorphous halo). The
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calculations were made for the range of 20 = 10°-30° after
mathematical analysis of the curve for the component
peaks. Curve fitting has been done using Voigt function.

The PE crystallites size, using the main signal (110),
has been calculated from Sherrer equation [30]:

091
cos @

Ly =

where L, is the crystallites size, A is the wavelength of
X-ray, P is the full width at half maximum (FWHM), 0 is
the Bragg angle.

Differential scanning calorimetry (DSC) has been done
using Mettler Toledo, DSC1 Star System. The samples
were tested in 3 runs: 1—heating, 2—cooling, and 3—
reheating in the temperature range of 0-300 °C. After
completion of the first heating and cooling cycle, the
sample was held at a constant temperature for 3 min. The
heating and cooling rate was 10°/min. The nitrogen flow
rate was 60 ml/s.

The crystallinity degree (Xpge, %) has been calculated
based on the determined heat of fusion (AH). The value of
PE heat of fusion per unit volume (AH, ) taken from the
literature was 293 J/g [31].

Mechanical strength was tested using TIRAtest 27025
tensile apparatus according to the standard PN-EN ISO 527-
1:2012. In the initial stage, i.e., in the 0-2% of elongation,
corresponding to the linear region in which Hooke’s law is
applicable, the feed speed of crosshead was 1.0 mm/min to
determine the exact modulus of elasticity (E,, MPa). Then,
the speed increased to 100.0 mm/min and was held until the
sample was broken. The length of the measuring section was
50 mm, the head load was 3 kN. In addition to E,, the maxi-
mum stress (o), MPa), stress at break—ultimate strength
(og, MPa), maximum elongations (gy, %), and elongation
at break (ultimate elongation €, %) have been determined.
The obtained results are an average of 6—10 measurements.

Thermal stability was studied in nitrogen atmosphere
using SDT 2960 Simultaneous TGA-DTA Thermal Ana-
lyser (TA Instruments, USA). The heating rate was 10°/min
and the temperature range was up to 700 °C. The tempera-
ture of the degradation onset (T,) was determined from the
intersection of tangents to the TG curve, while the maximal
rate of thermal degradation (V,,,,, %/min) and the corre-
sponding temperature (T, ,,) was read from DTG. The nature
of the transformation (exo- or endo-) as well as the melting
temperature was obtained from the DTA curves registered
simultaneously with TG.

FTIR spectra have been recorded using Vertex 70v with
RT-DLaTGS Wide Range detector and ATR device, Bruker
Optik, with diamond crystal. The mathematical distribution
of the complex spectrum into components has been done
using Voigt function to get the best fit to the recorded spec-
trum shape.
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To generate the piezoelectric properties, the samples
were placed between two contact electrodes with an area
of 10 cm? and then they were polarized in a fixed electric
field of 100 V/pm at 85 °C. The thickness of the films was
~130 pm for the non-oriented samples and ~ 80 pm for the
oriented ones. The piezoelectric charge (q, pC) and volt-
age (U, V) were measured using a stress increasing up to
120 kPa. The device was consisted of an electromagnetic
actuator, Tektonikx AWG 420 generator (Arbitrary Wave-
form Generator), Mera Tronik P334 power amplifier,
XFL212R force sensor, ADR 154 amplifier, Keithley 6517A
electrometer, and LeCroy LT-341 oscilloscope. The force
acted in the direction perpendicular to the sample surface
was consistent with the direction of the electric field. From
the above measurements, two piezoelectric coefficients were
calculated: charge coefficient—d;; =q/P (pC/N) and piezo-
electric voltage coefficient—g;, =q/(P-d) [Vm/N], where P
is stress (Pa) and d is sample thickness (m).

Stability of electrets was studied during 2—5 months, tak-
ing measurements every few days. At least five samples of
the same type have been tested simultaneously to check the
piezoelectric properties and the result is the averaged value
from three tests.

3 Results and discussion

3.1 Preparation and characterization
of the polyethylene composites

We have made many attempts to obtain the polyolefin-based
composites with a mineral filler for the production of piezo-
electric elements by classic processing methods. The best
way was to use the pelletizing extrusion method preceded
by careful mixing of the ingredients (a powdered glass bead
filler with virgin PE granulate) at room temperature. The
temperature and the extrusion speed were selected so as to
obtain a homogeneous material without any visual defects
on a macroscopic scale.

We have found that the pelletizing extrusion process was
optimal with the usage of a twin-screw extruder at head
temperature of 190 °C (MDPE) and 195 °C (HDPE) and at
a speed of 250 s™!. In the second processing step, a single-
screw extruder was working at the temperature range of
225-235 °C along the extruder cylinder and a head.

The orientation of the composite films in a ratio of 3:1,
carried out continuously at the temperature 120-80 °C
(including heating and then cooling) gave the best results. It
was indicated that maintaining such conditions ensured the
good quality of the composites films and the repeatability of
their properties. Higher speed of transport of the composite
film may result in breaking the sample, which was noticed
particularly at the highest filler content (10%).



Journal of Materials Science: Materials in Electronics (2019) 30:21032-21047

21035

3.2 Morphology of the polyethylene composites
studied by SEM/EDX

Figure 1 presents surface and internal structure of the filler
(glass beads), and the PE composites (non-oriented and
oriented). The filler is seen in the form of regular spheri-
cal glass particles with a diameter of several micrometers
(Fig. 1a). The initial PE samples (both HDPE and MDPE)
have homogenous surfaces and do not show any significant
morphological details, except for the corrugation of the sur-
face in the case of the oriented films. When viewed at high
magnification, a partial lamellar order in the perpendicular
direction to the stretching direction is seen for these films
(Fig. 1c, g).

The PE composites exhibit completely different mor-
phology due to the introduction of the glass beads into the
matrix. These particles are dispersed in the PE matrices,
but as one can see, there are the empty spaces around them,
which can be a result of the lack of adhesion and miscibil-
ity between the fully hydrophobic macromolecules and the
silica. SiO, has polar Si—O bonds; however, due to the sym-
metry of these bonds, the dipole moments cancel out [32].
During poling process, this symmetry is disturbed, result-
ing in permanent dipoles formation. Therefore, the compos-
ites produced have a heterogeneous structure in which the
glass particles and microvoids are dispersed in the polymer
matrix. Similar porous structure was observed in the case
of polypropylene composites as a result of the addition of
rigid filler particles to this polymer [17, 18]. The formation
of voids was described in detail in the article by Arencén
and Velasco [33].

The heterogeneity of the studied composites was con-
firmed by the EDX combined with SEM. Most observed
peaks are X-rays given off as electrons return to the K
electron shell (K-alpha line). The images obtained by this
method show how individual elements are distributed
on the sample surfaces, which is seen on the example of
HDPE +2.5% GB in Fig. 2. As can be seen, the glass beads,
represented by Si, O, Al, and Fe, are evenly distributed in
the whole mass of the composite without creating bigger
agglomerates.

Sample orientation results in a change of both the surface
and the internal structure (Fig. lc, f, 1). Small folds, visible
under the microscope, appear on the surface, which is related
to the stretching of the chains in the amorphous phase lead-
ing to a fibrous structure, while the crystalline areas remain
intact initially. When stretching is continued, also crystalline
phase can experience reorganization and even some defor-
mation like rotation or shear and intralamellar slipping [33].
Generally, the orientation process leads to the growth in
ordering of both the lamellar crystalline areas and stretched
chains in the amorphous phase, which is commonly mani-
fested in the rise of the degree of crystallinity. Moreover, the

increase in the speed of stretching can cause further changes
which may also occur within the lamella aggregates, until
the sample ruptures. In our research, optimal modification
of the microstructure was obtained by stretching three times
3:1).

Orientation of polymer films at elevated temperature is
an irreversible process, although some relaxation processes
may occur after cooling to room temperature. Furthermore,
the stretching process is also accompanied by a deformation
process. Crazes and microcracks may appear in the polymer.
These defects are the precursors of microporosity and they
may affect the mechanical properties of the product. Such
features were not observed in the SEM images of the unmod-
ified HDPE and MDPE. However, a cellular structure was
formed in the case of PE composites. The holes with micro-
metric sizes enlarged during the orientation taking rather
ellipsoidal shapes, which was a result of partial disconnect-
ing GB from macromolecules and a cavitation process. The
nature of this process occurring in the amorphous phase of
the stretched (oriented) films at the temperature above glass
transition was described in details in articles by Pawlak et al.
[34, 35]. The formation of cavities is associated with an
increase of the free volume of a polymer as a result of rear-
rangement of unordered flexible macromolecules. Similar
effect of an inorganic filler on internal morphology has been
observed in oriented films of isotactic polypropylene [17,
18, 36].

3.3 Crystallinity analysis by XRD/DSC

The shapes of XRD patterns obtained for the HDPE compos-
ites were similar to these for the MDPE composites, which
indicated that the basic structure of PE crystallites was
almost the same for all samples. Some small variations con-
cerned the peak intensities and their ratios. Figure 3 shows
XRD curves of the selected HDPE composites (non-oriented
and oriented) and GB.

The XRD curves of the MDPE and HDPE films exhibit
two main signals at 20 =21.7° and 24.0°, corresponding to
110 and 200 spacing (Fig. 3). Moreover, in the oriented PE
films and the composites, an additional minor peak at about
20=30° is observed. The results indicate that both PE’s have
orthorhombic symmetry [37, 38].

The share of the first main signal (at 21.7°) is approx.
50%, whereas the second one (at 24.1°) is only 5-7%, the
rest is a fraction of amorphous halo (43-45%). The recorded
experimental XRD patterns are typical of PE described pre-
viously in the literature [37, 38]. The filler was completely
amorphous; therefore, it did not contribute to the crystalline
reflexes of the composite. Moreover, the filler particles do
not act as nucleating agent.

Since the signals in the registered XRD curves are sym-
metrical, it indicates that there are no other structures such

@ Springer
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a— filler particles (GB) b - HDPE (NO) ¢ - HDPE (O)

\|

2 pm A<_H'_“2pm~

g - MDPE (O) i - MDPE + 10% GB (O)

’

1pm

| - MDPE + 10% GB (O)

Fig. 1 Examples of SEM images of the studied materials: glass beads filler (a), HDPE and MDPE (b, ¢, g), and their composites with various
content of GB; NO non-oriented, O oriented; e, k, l—cross-section of the samples, the others are the surface images
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a

Fig.2 SEM-EDX maps of elements in the composite HDPE +2.5% GB (NO): a SEM at magnification X400, b C, ¢ O, d Si, e Al, and f Fe. Ele-

ments with < 1% content were omitted

Fig.3 XRD patterns of HDPE
and HDPE + 10% GB (oriented
and non-oriented films); the
lowest flat curve concerns the
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HDPE oriented
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as monoclinic or hexagonal that were detected in other types
of PEs [37]. Thus, XRD results suggest that both studied PEs
exist in a monocrystalline structure.

The degree of crystallinity (Xyxzp) of the unmodi-
fied MDPE and HDPE is 52.2% and 57.4%, respectively
(Table 1). The addition of the filler caused insignificant
changes in Xygp of the HDPE composites (changes within
the experimental error) but substantial decrease in Xyzp of
the MDPE composites (even up to about 10%), which indi-
cated that the filler particles impeded the formation of the
ordered MDPE structure, unlike the HDPE.

The film orientation caused the growth in the degree of
crystallinity for both polyethylenes: by about 14% for HDPE
and over 23% for MDPE. The alterations were also greater

2Theta (°)

in the MDPE composites than in HDPE samples: the dif-
ferences are about 22-24% for the HDPE + GB and about
28-34% for MDPE + GB, i.e., up to 10% more.

There was no shift in XRD signals of the non-oriented
specimens compared to the position of these XRD signals
for the initial polymers, whereas slight changes in the posi-
tion of the XRD signals for the oriented samples have been
observed. Furthermore, the small alterations in full width at
a half maximum (FWHM) of the peaks were found, which
resulted from the differences in the crystallites sizes. As can
be seen from the results gathered in Table 1, the addition
of the GB to the polymer caused an increase in the size of
the crystallites for the non-oriented composites, whereas the
sample orientation caused the opposite effect.
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Table 1 Parameters from XRD

patterns of non-oriented and Sample 20 FWHM % Lito (nm) Xxro (%) Xosc (%)

oriented HDPE, MDPE, and Non-oriented

their composites with glass HDPE 217 0.40 503 202 574 59.2

beads (GB): crystallinity degree

(Xxrp, %), position (20,°), HDPE+2.5% GB 21.5 0.35 52.3 23.1 58.3 60.9

FWHM (°) and share (%) of HDPE +5% GB 21.6 0.38 47.7 21.3 56.6 58.4

PE main crystalline signal and HDPE+10% GB 21.6 0.36 52.0 22.5 56.9 55.8

crystallites size (Lo, nm) as MDPE 21.7 0.42 47.7 19.3 522 53.5

well as the crystallinity degree

calculated from DSC (Xpgc, %) MDPE+2.5% GB 21.6 0.39 43.1 20.7 48.2 47.6
MDPE +5% GB 21.5 0.39 39.3 20.7 43.6 45.5
MDPE + 10% GB 21.5 0.39 39.3 20.7 429 443

Oriented (3:1)

HDPE 21.9 0.71 50.7 114 71.3 62.5
HDPE+2.5% GB 21.7 0.44 58.9 18.4 80.1 71.2
HDPE+5% GB 21.7 0.43 62.0 18.8 80.7 73.3
HDPE + 10% GB 21.7 0.43 61.7 18.8 80.3 72.8
MDPE 22.0 0.56 58.2 14.4 75.4 63.9
MDPE +2.5% GB 21.6 0.43 60.2 18.8 77.0 66.6
MDPE +5% GB 21.6 0.50 60.9 16.2 71.3 67.1
MDPE + 10% GB 21.6 0.43 61.6 18.8 76.3 64.3

The degree of crystallinity of the polymer determined by
the XRD method was compared with that found from DSC.
There was a good correlation between the degree of crys-
tallinity determined from XRD and that from DCS for the
non-oriented samples. However, the degree of crystallinity
of the oriented specimens determined by the XRD was by a
few percent higher (ca 10%) than that calculated from DSC
data (Table 1). Similar discrepancies were observed also by
other authors [37] who pointed out that DSC results led to
the overestimation of amorphous phase due to the using of
a two-phase model for PE.

It was proved that XRD method allows for detection an
oriented non-crystalline structure, besides typical crystalline
and completely amorphous phases. Our results are consistent
with those obtained by Karacan [37] because the discrepan-
cies in the calculated degree of crystallinity from XRD and
DSC methods appear for the samples after the orientation
process. It indicates that short-range ordering of macromol-
ecules appears during a stretching process. These structures
do not form crystallites, and thus, do not show melting
point. Such arrangement can be considered as mesomorphic
phase or pseudo-crystalline regions, i.e., intermediate phase
between the crystalline and amorphous structures [39].

Exemplary DSC curves, which are typical of the studied
samples, are shown in Fig. 4. As can be seen from the first
heating run, the maximum of the main melting peak appears
at 128 °C but a small shoulder in this peak is seen at 125 °C
indicating the presence of a small amount of finer crystallites
which can build thinner lamellae owing to the lower melting
temperature. This small shoulder completely disappears at
the second heating cycle. Moreover, the orientation of the
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composite films occurs at elevated temperature, i.e., 120 °C,
thus, these finer structures with a lower melting point disap-
pear. When the sample is cooled, a crystallization process
occurs—the main maximum occurs at 116 °C, and the trace
peak—at 79 °C.

3.4 Mechanical properties of the polyethylene
composites

The stress—strain curves obtained for the polyethylenes and
the composites during tensile tests exhibit mainly the brittle
features with a small plastic area before breaking the sample.
The initial straight line of the curve for which Hooke’s law
is fulfilled served to determine the Young’s modulus. After
crossing the yield point, i.e., the limit of elastic behavior,
the curve of stress—strain is non-linear, which is connected
with non-reversible plastic deformation. The stress increases
up to maximum value, which is an equivalent to the stress
at break in the non-oriented samples (cy;=0c5), and a con-
sequence of this is also the same value of both elongation
parameters (gy;=eg). Thus, the studied samples exhibit semi-
brittle (or semi-ductile) fracture.

Differences during tensile tests appear in the oriented
samples. HDPE and its composites undergo fracture at the
maximum stress, whereas in the case of MDPE composites,
after achievement of the maximum stress o), there is a sig-
nificant decrease of the stress value until the sample is bro-
ken. This phenomenon, which is a typical ductile symptom,
is clearly observed for MDPE + 5%GB. In the case of ther-
moplastic polymers, such as polyolefin, the ductile proper-
ties induced by an applied load are strictly related to weaken
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interactions between the macromolecules and consequently
to the relative easier chain movements. Obviously, the pres-
ence of crystallites significantly limits the movements of the
polymer chains against each other. Mechanical parameters
for all studied systems are listed in Table 2.

From the point of view of piezoelectric properties, the
behavior of the samples under the influence of weak forces
is important; thus, the Young’s modulus and initial stress
should play a key role here. When weak forces act on the
sample in the range of small elongation, the elastic strain
vanishes after unloading. When the yield point is crossed,
the plastic strain appears and deformation is irreversible.

Pristine polymeric films showed the tensile strength
(op) of 36 and 27 MPa for HDPE and MDPE, respectively
(Table 2). The Young’s modulus of these samples was 596
and 421 MPa, while the strain was about 700%. The orien-
tation process caused a significant growth in o), and E, for
both samples, but a notable decrease in the strain (by about
4.5-6 times).

The GB addition to the polymer resulted in a different
effect on mechanical properties for the non-oriented HDPE
and MDPE composites. In the first case, all parameters were
lower compared to the pristine HDPE (with the exception
of the HDPE +2.5% GB, where the Young’s modulus was
somewhat greater than for the pristine HDPE). For MDPE
filled with GB, E, decreased, but a small increase in the ten-
sile strength (both 6y, and o) was noticed. The elongation of
the non-oriented MDPE composites was significantly higher
than that for the non-oriented HDPE with GB.

There is no simple relation between the evaluated
mechanical parameters and the filler content. HDPE-based
composites had higher Young’s moduli values than the
MDPE composites. Among the oriented composites, the
highest Young’s modulus was for the HDPE with 5 and 10%

Table2 Mechanical parameters for the non-oriented and oriented
HDPE, MDPE, and their composites with glass beads filler

Sample oy (MPa) o (MPa) gy (%) eg (%) E,(MPa)
Non-oriented
HDPE 36 36 694 695 596
HDPE+2.5% 27 27 560 560 601
GB
HDPE+5% GB 26 25 527 531 578
HDPE + 10% 25 23 491 500 562
GB
MDPE 27 26 680 681 421
MDPE +2.5% 32 32 867 872 401
GB
MDPE+5% GB 30 30 583 585 302
MDPE + 10% 31 30 601 603 278
GB
Oriented (3:1)
HDPE 112 30 113 124 949
HDPE+2.5% 93 93 110 110 715
GB
HDPE+5% GB 100 100 99 99 809
HDPE + 10% 99 84 92 106 860
GB
MDPE 107 107 148 148 746
MDPE +2.5% 94 26 81 100 748
GB
MDPE+5% GB 105 22 37 84 771
MDPE + 10% 108 60 66 72 753
GB

GB and MDPE + 5% GB. Simultaneously, the MDPE + GB
films became ductile, with moderate ultimate elongation.
op value of the oriented HDPE (without GB) differs from
that for the oriented HDPE with GB, which is due to the
gradual breaking of the stretched chains in a wide range
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of forces. This sample contains fibers that break at forces
greater than applied for the non-oriented sample, but the
complete break of the sample occurs at much lower force,
which gives an average breaking strength of about 30 MPa.

Generally, one can state that the good mechanical prop-
erties of both types of polymers result from their ordered
structure, as evidenced by rather high value of the degree
of crystallinity. The macromolecules contain only short
branches because the tested polymers were copolymers of
ethylene with hexene-1. The lack of long side-chains made
them easier to create the compact regular arrangement.

The GB particles introduced into the polymer are not only
a source of inhomogeneity but also contribute to the forma-
tion of microcracks that are able to weaken the material. In
heterogeneous materials energy is not distributed uniformly
in the whole sample but it is concentrated around inclusions,
cavities and defects. The same situation can concern imple-
mented electrical charges during polarization process.

On the other hand, the filler particles and the holes in
the composites are responsible for the formation of dura-
ble electrets in the polymer composites. Therefore, it is so
important to choose the appropriate sample composition and
the preparation conditions (filler content, size and shape of
particles, conditions of extrusion, and orientation of films)
to obtain the system with the best properties.

From the point of view of piezoelectric properties, piezo-
materials are subjected to relatively weak forces, but their
resistance to higher mechanical loads may be required for
other potential applications, e.g., during energy harvesting
from moving cars.

3.5 Thermal stability of the polyethylene
composites

Thermal stability of the samples is another useful property
of the studied materials. This is related to both the process-
ing and their use at elevated temperatures. For this purpose,
the thermogravimetric analysis (TGA) of the samples was
carried out. Some examples of TG/DTG analysis are shown
in Fig. 5.

TGA curves indicate that all systems are stable up to
460 °C and decompose in one step. The pristine polymers
almost totally degrade (99—-100%) at 500 °C but composites
not. The glass filler is a solid residue (proportional to the
introduced amount) at this temperature. DTA curves show
two endotherms: the first—associated with the melting of
the crystalline phase in PE (which is not accompanied by the
mass loss) and the second—related to the total degradation
of the macromolecules. The melting temperature determined
by this method coincides with the values obtained by DSC.

As can be seen in the Table 3, there are no significant
differences between the parameters determined for HDPE
and MDPE. Moreover, the filler and the orientation had
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negligible influence on the polyethylenes thermal stability.
The melting temperature (T,,) of all examined systems was
in the range of 126-130 °C and was nearly independent on
the sample composition.

Detailed analysis of TG/DTG curves let us distinguish the
subtle differences in the studied samples. One can notice that
the degradation onset temperature (T,) of the non-oriented
MDPE is somewhat higher than that for HDPE but the situ-
ation changes in the case of the oriented samples. The larg-
est alteration due to the orientation has been observed for
MDPE (reduction in T, by 12 °C when compared to the
MPDE non-oriented). The degradation rate (V,,) was highest
for the non-oriented MDPE but for the remaining samples
the decomposition process underwent with the same speed.

3.6 Piezoelectric properties of the polyethylene
composites

Because polyethylene in a non-polar material, all studied
samples have been subjected to polarization in a constant
electric field of 100 V/um at 85 °C using contact electrodes.
During this process, the electric charge has been imple-
mented into the composite film and accumulated in traps,
which can be structural defects such as filler particles and
cavities.

Piezoelectric charge and voltage was systematically meas-
ured up to ca. 2-5 months of storage at room temperature.
The obtained data are presented for 100 kPa stress value.

The results of charging of the non-modified MDPE and
HDPE as well as the behavior of these films during storage
are shown in Fig. 6. As can be seen from the data presented,
the non-oriented HDPE film polarizes to a negligible extent
and after about 40 days it depolarizes. The oriented HDPE
reaches a high charge value, however, after 5 days that
sample significantly loses its charge with a further down-
ward trend. The non-oriented MDPE film achieves a large
polarization charge, but, it depolarizes over the entire storage
period. The MDPE oriented film reaches a small piezoelec-
tric charge that stabilizes after about 20 days. It should also
be noted that the polarization of the film changes with the
orientation of the film. The non-oriented samples have a
polarization with the direction opposite to the direction of
the polarizing field, i.e., they have a heterocharge, whereas
the oriented films have polarization in the direction of the
polarizing field, i.e., they have a homocharge. Both films
without the filler have been eliminated from further tests as
not meeting the requirements for stable dipoles.

The PE composites behaved differently—the measured
values of piezoelectric charge and voltage were much higher
than those for virgin polyethylenes (Figs. 7 and 8). The ori-
ented MDPE with 10% of the filler content was the excep-
tion. For this film, the electric breakdown was observed, so
the measurements were impossible. It may result from too
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high heterogeneity of the sample and microcracks formed
during stretching. Such tiny cracks can be the precursors of
sample breaking. In the case of HDPE with 10% of the filler
content, the polarization was achieved successfully.

Figures 7 and 8 show a slight reduction in q and V values
of the composites at the beginning of the storage; however,
after a few days, these parameters stabilize. This initial rela-
tively modest fall in the charge was mainly due to the relaxa-
tion processes occurring at the surface, during of which the
charges were partially neutralized.

Particularly good piezoelectric properties were noticed
for the oriented MDPE + 5% GB. Among the HDPE com-
posites, the oriented HDPE with 10% filler exhibited the best
piezoelectric properties; however, they were weaker than
that for the mentioned MDPE composite.

The charge (d;3) and the voltage (g33) piezoelectric
coefficients (in the direction perpendicular to the sample
surface, consistent with the direction of the electric field

Temperature (°C)

in selected electrets) were determined from the obtained
results for different stresses. The piezoelectric coefficient,
called also piezoelectric modulus, expresses the polariza-
tion or the electric field generated in electret per unit of the
stress applied. In other words, it is the electrical response
of the material to the working mechanical force.

Figures 9 and 10 present the decreasing values of the
charge and voltage piezoelectric coefficients (d;; and gs5)
with increasing applied stress, which is typical behavior of
polymeric systems observed previously [17, 18].

The highest value of the piezoelectric coefficient d;;
was obtained for the oriented MDPE with 5% of GB,
i.e., ~100 pC/N for lower stresses (~ 10 kPa/cm?) and
~60 pC/N for higher stresses (~ 120 k Pa/cm?). The coef-
ficient g5 was in the range of 4-8 Vm/N for this sam-
ple, depending on the stress applied. For the non-oriented
MDPE films having the same composition, the values of
both coefficients was lower at least twice and more.
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Table3 Thermal parameters for the non-oriented and oriented
HDPE, MDPE, and their composites with glass beads filler

Sample T, °C Traw °C Am, % T,,°C V.. %/min
Non-oriented
HDPE 464 483 99 129 35
HDPE+2.5% 467 483 97 130 36
GB
HDPE+5% GB 467 484 96 129 37
HDPE + 10% 466 484 90 127 35
GB
MDPE 470 482 99 128 48
MDPE+2.5% 467 484 97 127 36
GB
MDPE +5% 464 482 95 126 37
GB
MDPE+10% 465 481 91 126 29
GB
Oriented (3:1)
HDPE 466 483 99 130 36
HDPE+2.5% 459 480 97 128 30
GB
HDPE+5% GB 464 483 95 129 34
HDPE + 10% 466 483 91 129 34
GB
MDPE 458 478 100 127 31
MDPE+2.5% 464 484 97 126 37
GB
MDPE +5% 463 482 96 126 35
GB
MDPE+10% 463 480 88 126 31
GB

Relatively high values were also obtained for the ori-
ented HDPE films with GB: d;; changes from about 70 to
40 pC/N and gs;—from 6 to 3 Vm/N with increasing stress.
These values are comparable to those for MDPE + 5% GB.
It can be noticed that the differences between the determined

-0-HDPE-N
-=-HDPE-O

——MDPE-N
——MDPE-O

q [pC/cm?

_50 -
-100 |
-150 |

-200

0 10 20 30 40 50 60
t [days]

piezoelectric coefficients for the oriented HDPE composites
were insignificant when the content of the filler was chang-
ing; however, the highest values of d;; and g5, were observed
for HDPE with 10% of GB.

3.7 Discussion of piezoelectric properties

Piezoelectric properties of polymeric composites strongly
depend on the chemical nature of dielectric constituents,
their distribution, molecular interactions and the sample
morphology. Electrets in polyethylene can be created by
simple modification—introducing an appropriate amount of
a mineral filler of a specified size as well as mechanical ori-
entation of the composite films. Both these physical factors
affect not only the piezoelectric properties but also the hard-
ness, the melting temperature (i.e., working temperature),
and the degree of crystallinity of the polymer. In addition,
it turned out that also the type of polymer can influence the
properties of the composites.

It is known that PE microstructure, thus, also properties
depend on the synthesis method and conditions including the
type of catalyst applied [40-42]. The microstructure of PE is
determined by the number and length of branched chains, as
well as the type of end groups in macromolecules. Generally,
in HDPE, there are stronger interactions between the regular
chains than in MDPE because of its more branched struc-
ture, which makes MDPE more susceptible to deformation.
Both studied polymers were obtained by copolymerization
of ethylene and hexane-1, which led to a defined linear struc-
ture with the repeated branching of the same length [43].
Some differences in the properties of HDPE and LDPE can
be explained by the subtle variations in the chemical struc-
ture and macromolecular ordering in both matrix polymers.

The detailed ATR-FTIR analysis in the range of C-H
deformation vibrations showed only the slight differ-
ences in the degree of branching (Fig. 11). The bands at
1378 cm™! and at 1368 cm™! corresponding to CH; and

b 25
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5
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-15 }
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Fig.6 The dependence of piezoelectric charge (a) and voltage (b) on storage time of MDPE and HDPE film: oriented (O) and non-oriented (N)
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Fig.7 The dependence of piezoelectric charge (a) and voltage (b) on storage time of the oriented (O) and non-oriented (NO) MDPE films with
glass beads (GB)
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Fig.8 The dependence of piezoelectric charge (a) and voltage (b) on storage time of the oriented (O) and non-oriented (NO) HDPE films with
glass beads (GB)
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Fig.9 Dependence of piezoelectric coefficients: a charge d;; and b voltage g;; on stress for the oriented MDPE films with 2,5 and 5% GB as
well as the non-oriented MDPE with 10% GB

CH, symmetric scissoring vibrations, respectively, have  I-y,(1368), obtained after the spectra deconvolution
been used for estimation of the degree of branching. The  (Fig. 12), was somewhat higher for MDPE (~0.10) than
calculated ratio of the integral intensities r =1-;3(1378)/  that for HDPE (~0.07). The slightly greater degree of
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Fig. 11 Comparison of ATR-

0.06

FTIR spectrum of MDPE and
HDPE film in the range of
1300-1400 cm™ (after normali-
zation and deconvolution)

Absorbance
0.03 0.04 0.05

0.02

0.01

1368
| —— HDPE

0.00

1400

branching in MDPE is reflected in its smaller degree of
crystallinity as confirmed by XRD and DSC studies. The
lower degree of crystallinity and consequently lower poly-
mer density influences the microstructure and the compos-
ite properties.

It is worth emphasizing that such slight alteration in the
structure of macromolecules in pure MDPE and HDPE
(without filler) does not affect the piezoelectric properties,
or rather lack thereof. However, these small structural differ-
ences may be the reason for the differentiation of composite
morphology, which in turn affects the formation of electrets.

A good dispersion of the GB in the polymer matrix is
possible during the extrusion of the film at the temperature
in which the polymer is melted. The morphology of the sam-
ples (observed in SEM images) is formed during the cooling
of the melted polymer to room temperature. At this time,
crystallization and “freezing” of the created cavities occurs.
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Wavenumber (cm-1)
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The presence of GB in the PE matrix results in obtain-
ing the materials with good piezoelectric properties and in
slight deterioration in mechanical strength. But there is no
distinct influence of the filler on the thermal stability of the
composites.

The orientation process leading to the further macromol-
ecules ordering has a strong effect on piezoelectric proper-
ties of the composites. The reorganization of the composite
structure, induced by stretching, concerns both amorphous
and crystalline phase. In addition to the typical relaxation
processes, the crystallites may be displaced or can become
more perfect, while the amorphous or poorly ordered areas
in the polymer can be incorporated into the crystallites [44].

The comparison of the degree of crystallinity deter-
mined by XRD and DSC methods led to the conclusion
that the imperfectly ordered intermediate phase may
be formed during the stretching of the samples, which
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significantly affects the polarization of the molecules
in the system and consequently the stability of electrets.
Moreover, partial separation of GB from the macromol-
ecules takes place because of weak interfacial adhesion
caused by lack of matrix polarity. This contributes to
changing the shape and enlarging the cavities in which the

Fig. 13 Simplified scheme of PE+GB composite morphology; a ori-
entation, b poling process. The blue spheres illustrate the GB parti-
cles dispersed in the polymer matrix. Apparent layers around the filler

Wavenumbers, cm-1

electrical charge is trapped as schematically illustrated
in Fig. 13.

beads mean empty spaces that change shape during stretching. In
the charging process, these cavities are the places where the electric
charges can accumulate
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4 Conclusions

This study allowed to explain the effect of the silica filler
and the orientation process on the structure and piezoelec-
tric properties of PE composites. The effective method of
preparation of the piezoelectric films with the glass beads
was developed—the extrusion conditions were optimized
and the appropriate composition was selected. Although
the structure of the obtained samples was heterogeneous,
the dispersion of the filler particles in the polymer matrix
was relatively uniform, as confirmed by the SEM/EDX
analysis.

The introduced glass beads were responsible for the
cavities formation inside the PE film, which promoted the
accumulation of electric charges. It has been found that
uniaxial orientation at 3:1 ratio was also an important
factor contributing to the growth in the macromolecular
ordering and significant improvement of piezoelectric
properties. Probably, the mesomorphic phase is created in
a the stretched PE, and imperfect crystallites also play an
important role in the creation of electrets.

The mechanical properties were much better for the ori-
ented composites than for the non-oriented ones. However,
a comparison with the virgin oriented polymers generally
indicates a slight decrease in E,, o), and elongation, which
is typical of non-homogenous systems. Around the filler
the voids were formed and contributed to faster composite
cracking under the influence of stresses.

The type of polyethylene (high or medium density), the
content of the mineral fillers, as well as the orientation
process practically do not affect the thermal stability of
the composites.

The best piezoelectric properties were exhibited by the
oriented film of MDPE with 5% GB, which was a result
of appropriate molecular arrangement and an internal cel-
lular structure. The HDPE-based composites are the sys-
tems with good piezoelectric properties too. Maintaining
the strictly defined processing and orientation conditions
ensures the production of piezomaterials with repeatable
structure and properties.

The determined piezoelectric coefficients for these
composites are high, which indicates that they have better
piezoelectric properties than well-known poly(vinylidene
fluoride) [1, 2, 5].

Summarizing, the obtained PE composites have sat-
isfactory piezoelectric properties, which predisposes
these materials to practical applications. Ease of produc-
tion, availability and low price of raw materials is a great
advantage of piezopolymer production.
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