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1  Introduction

Modern technologies often require application of polymer 
nanocomposites with special properties. The polymers 
with piezoelectric properties are the composites, which 
may successfully replace ceramic piezoelectric materials. 
These polymeric materials have undeniable advantages 
such as low density (thus, the products are very light), 
insulating properties, the flexibility, which can be modi-
fied over a wide range, and also ease of processing by con-
ventional methods. Although piezoelectric polymers have 
been extensively studied, the phenomena accompanying 
the piezoelectric effect are not fully explained. Among the 
polymer materials having such properties, poly(vinylidene 
fluoride) (PVDF) stands out. PVDF is currently used in a 
production of microelectronic devices, unfortunately, it is 
too expensive to be used on a large scale, and urgently we 
are looking for cheaper alternatives.

The major problem from the point of view of practi-
cal applications of electroactive polymers is to obtain 
materials with permanent polarizability, which is greatly 
dependent on the morphological structure and the degree 
of crystallinity of the components. Moreover, piezoelectric 
materials should be characterized by proper thermal stabil-
ity, which also determines their usefulness in contemporary 
technologies.

It is known that polyolefins, readily accessible, inexpen-
sive polymers produced on a large scale, can be suitably 
modified in a simple way in order to impart piezoelectric 
properties [1–7]. Addition of inorganic or organic sub-
stances to polymeric matrix is an effective way to obtain 
electroactive polymers. Physical modification of such sys-
tems (orientation, corona discharge or the action of UV 
radiation) leads to the accumulation of electric charges and 
creates electrets.
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As stated, the special morphology of the sample, in 
particular cellular structure characterized by the presence 
of air voids in a matrix, allows us to obtain materials with 
large values of the piezoelectric constants. In such cavities, 
the electric charge is entrapped, which results in formation 
of permanent electric dipoles [5–9].

An interesting way to increase the piezoelectric activity 
of PP film is exposure to high pressures (using air or nitro-
gen) and higher temperatures in double expansion process. 
For instance, conducting the whole process in two pressure 
expansions: at temperatures from 20 to 80 °C and pressure 
of 2 MPa for the first process and temperature between 80 
and 90 °C and pressure of 0.4 MPa in the second process, 
one can acquire larger voids and a decrease in Young’s 
modulus for PP films, which leads to the growth in d33 to 
approx. 1000 pC/N [3, 4].

Recent work regarding piezoelectric composites of poly-
propylene with kaolin showed that durable electrets can be 
formed by polarization in a constant and high electric field 
ranging from 100 to 125 V µm-1 [10]. However, the influ-
ence of preparation method, morphology, cellular structure 
and crystallization degree on mechanical and piezoelectric 
properties of composites has not been yet well understood.

The objective of this work was to determine the compo-
sition and the method of preparation of piezoelectric mate-
rials based on isotactic polypropylene (i-PP) and selected 
silicate filler as well as characterization of theirs properties 
required for application in electronic industry.

Morphology and mechanical properties of the obtained 
composites were determined using SEM and standard ten-
sile test, respectively. X-ray diffraction and thermogravi-
metric analysis were performed in order to study the crys-
tallinity and thermal stability of the systems. To induce the 
piezoelectric properties, the composites were subjected to 
polarization under the influence of an electric field. The 
piezoelectric charge and voltage have been measured for 
3 months, also after aging at elevated temperature.

It is expected that the filled i-PP can be a valuable mate-
rial for the production of biomedical sensors because it is a 
flexible polymer, easy in processing and capable of form-
ing any shapes. The most important task is to find suitable 
filler, which will provide the required cellular structure and 
piezoelectric properties of the composites.

2 � Experimental

2.1 � Materials

Isotactic polypropylene, Moplen HP 456J (Basell Orlen 
Polyolefins, Poland); and mineral filler: Sillikolloid P87 
(Hoffman Mineral GmbH, Germany) have been used for 
composite preparation.

Sillikolloid P87—SiO2-Al2[(OH)4Si2O5] (or 
Al2O3·2SiO2·2H2O) mixture consists of 35 wt% of kaolin, 
55 wt% of crystalline silica and 10 wt% of colloidal silica 
(density 2.6  g/cm3, bulk density 0.25  g/cm3, surface area 
(BET) −12 m2/g, particle size: approx. from 0.5 to 20 µm).

2.2 � Composite extrusion

Polypropylene (i-PP) in granulated form was mixed with 
the filler by simple powdering and the mixture was sub-
jected to further processing. The composites of i-PP con-
taining 2.5, 5 and 10 wt% of the filler and neat polymer as a 
reference were prepared by extrusion in a co-rotating twin-
screw lab extruder type Bühler BTSK 20/40D in the fol-
lowing conditions: extruder heating zones: 190, 195, 195, 
190 °C, temperature of extrusion die head −185 °C, screw 
speed −300 s−1.

The obtained composites in pelletized form were then 
subjected to further “cast” extrusion to get the ribbon of 
145 mm × 0.145 mm using single-screw lab extruder Plasti-
Corder PLV 151 Brabender in the following conditions: 
extruder heating zones −225, 235, 235 °C, temperature of 
extrusion die head −245 °C, screw speed −75 s− 1.

The obtained composite films have a thickness of 
approximately 0.10 ± 0.01 mm.

2.3 � Analysis

2.3.1 � Scanning electron microscopy (SEM)

Scanning Electron Microscope LEO 1430 has been used 
to study the composite morphology. A secondary electron 
(SE) detector, enabling very fine detail to be resolved, was 
used. SEM pictures were made for both the surface and 
cross-section after brittle fracture of the samples in liquid 
nitrogen. Samples for SEM were sputtered with gold or 
imaged directly without coating. The most representative 
pictures are presented in this paper.

2.3.2 � Thermogravimetry (TGA)

Thermogravimetric analysis was carried out using simul-
taneous thermal analyzer NETZSCH STA 449 F5 Jupiter® 
(NETZSCH-Gerätebau GmbH) in order to acquire DSC-
TGA data. All analyses were conducted in nitrogen atmos-
phere in the temperature range from room temperature 
(RT) to 650 °C. The heating rate and the gas flow rate were 
10 °C min−1 and 100 mL min− 1, respectively. The mass of 
the samples was about 5 mg.

The following parameters have been determined: tem-
perature of decomposition onset (To), temperature at maxi-
mum rate of the process (Tmax), temperature of degradation 
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end (Tend), weight loss (Δm), heat of exo/endothermic tran-
sition and corresponding temperatures.

Proteus Thermal Analysis (Version 6.1.0) software has 
been used for results elaboration.

2.3.3 � X‑Ray diffraction (XRD)

X-ray diffraction experiments were carried out with a 
X’PERT Pro Philips Diffractometer (Cu Kα1, wavelength 
1.54056 Å, range 2θ 5°–90°, scan step size 0.020°, time per 
step 3.00  s). The degree of polymer crystallinity (Xc, %) 
has been determined using a two-phase model, i.e., assum-
ing that the sample is composed of crystals and amorphous 
regions with no semi-crystalline (mesomorphic) phases:

where, Acr and Aam are areas of signals of crystalline and 
amorphous phases, respectively.

The area of the signals from the mineral filler has been 
subtracted from the total area under the XRD curve of com-
posites. The mathematical distribution of the complex pat-
tern into components has been done using Voigt function to 
get the best fit to the real XRD shape.

2.3.4 � Mechanical properties

The study of the mechanical properties was performed 
using a tensile testing machine type TIRAtest 27,025 at 
standard conditions (room temperature). The strength of 
the measuring head was 3  kN, feed speed of crosshead: 
V1 = 1.0  mm  min− 1 and V2 = 100.0  mm  min− 1. Dimen-
sions of the samples: the length of the measurement section 
lo = 50 mm; and the width of the sample a = 15 mm.

The following parameters have been determined: ten-
sile stress at break (σb, MPa), maximum stress i.e. ultimate 
strength (σm MPa), elongation at break (εb, %), elongation 
at maximum stress (εm, %). Elasticity, Young’s modulus 
(Et, MPa) and limit of the material elasticity have been 
specified from the straight part of stress–strain relationship 
registered at low stretching rate. All results are the average 
of at least 6 measurements.

2.3.5 � Piezoelectric properties

To manufacture the electrets, the films were polarized at 
constant electric field 100  V  µm−1, in a climatic cham-
ber (VMT Heraeus-Vötsch). The samples were placed 
between two metal contact electrodes and then heated 
up to 85 °C. After reaching the upper temperature the 
voltage was switched on, and voltage value gradually 
increased. The polarization time was 1 h. The sample was 
then cooled down to room temperature and the voltage 

(1)Xc =
Acr

Acr + Aam

100%

was switched off. The electric field and the temperature 
were selected for film basing on its breakdown volt-
age >150 V µm−1 at 80 °C. The voltage and charge have 
been measured every few days for 55 days using contact 
electrodes with surface of 10 cm2. Then the same samples 
were aged at 60 °C for half an hour and next electrical 
signal were checked again several times (during 55–120 
days after polarization).

The density of the piezoelectric charge is proportional 
to stress and the piezoelectric constant d33 is the coeffi-
cient of proportionality.

where, Q is the generated charge, A is the surface of the 
electrode, P is the stress and d33 is the piezoelectric charge 
coefficient.

From the above equation, taking into account the defi-
nition of the stress, we get:

where, F is the force acting on the electrets.

3 � Results and discussion

3.1 � General remarks concerning the prepared 
composites

Isotactic PP was chosen for these studies owing to the 
presence of crystalline phase because films made of crys-
talline polymer exhibit often piezoelectric effect.

The filler, which is a mixture of crystalline and amor-
phous silica with lamellar kaolinite, is a valuable raw 
material applied in plastic industry, as it can be well dis-
persed in a polymer matrix and can improve rheological 
properties of polymers. Selected filler has been added 
to polypropylene in amount of 2.5–10%. Such mixtures 
were extruded to obtain films.

Mixing the components and preparation of the com-
posites under the conditions described above has not 
caused any technical problems. The obtained samples 
were produced in the form of opaque cream-colored 
strips.

From the point of view of practical applications in 
microelectronics, it is important to know the thermal and 
mechanical properties of these polymeric composites 
designed for microelectronics, whereas the crystallinity and 
morphology determine the possibility of accumulation of 
electric charge, which allow us to obtain the piezoelectric 
effect.

(2)
Q

A
= d

33
P

(3)d
33

=
Q

F
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3.2 � Morphology studies by SEM

SEM images of the composite components are shown 
in Fig. 1. Pure i-PP (in the form of extruded strip) does 
not show any specific details of the structure which is 
relatively smooth and uniform, even at high magnifica-
tion (Fig.  1a). Also the cross-section of the i-PP does 
not show any peculiarities (Fig.  1b). In this picture one 
can see traces of pulling the sample. Despite freezing in 
liquid nitrogen, the sample is still ductile and there is no 
completely brittle fracture. The PP sample is relatively 
homogeneous.

An image of the filler powder shows mainly irregular 
grains, the size of micrometers, and also slightly less elon-
gated lamellar structures and flat sheets (Fig. 1c).

SEM images of the composites with the filler show the 
presence of mineral microparticles dispersed in the poly-
mer matrix (Fig.  2). Most of the microparticles has more 
or less regular spherical shape. They are visible both on the 
surface (Fig. 2a, c, e) and in the bulk of the samples as can 
be observed on the cross-section images after the brittle 
fracture (Fig. 2b, d, f).

With increasing content of the incorporated modifier, 
more filler particles having similar sizes were observed. 
Besides the grains of the filler, also the layers or elongated 
lamellae could be seen at higher magnification (Fig.  3b, 
c). Moreover, voids, particularly clearly visible in cross-
sections (Fig. 3), are the important element of the internal 
structure of the composites. These holes of different shapes 
and sizes are sometimes filled with modifier particles. Such 
voids are usually responsible for the accumulation of pie-
zoelectric charge in the polymeric materials [5–9, 11]. In 
most cases, a lack of wettability and adhesion is observed, 
which is caused by immiscibility of components.

The lack of adhesion between the filler and the polymer 
can be explained by different chemical nature and structure 
of the composite constituents. PP is a hydrophobic poly-
mer, build of isotactic sequences typical of regular arrange-
ment of polymer chains. The physical properties of the 
filler are completely different. Although the composition of 
elements in kaolinite is well known, its structure is quite 
complex [12]. This mineral, appearing in triclinic system, 
creates a layered silicate, wherein the silica tetrahedra are 
associated with alumina octahedra through oxygen atoms. 
Si is surrounded by four oxygen atoms, while Al is coor-
dinated by six other oxygen atoms (two O from silica and 
four from OH groups). Parallel pseudohexagonal plates, 
more or less regularly arranged, are linked by the intermo-
lecular interactions between them.

Fig. 1   SEM images of the composite components: i-PP – surface of 
extruded film (a), i-PP – cross-section (b) and filler powder (Sillikol-
loid P87) (c)

▸
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Although both kaolinite and silica are electrically neu-
tral, they contain polar covalent bonds: Si-O and Al-O. The 
difference in electronegativity between Si and O is 1.7 and 
it is somewhat higher than between Al and O – 1.9, which 
indicates that Al-O bond has less covalent nature than Si-O, 
which is confirmed by ab initio calculation [13]. Taking 
into account the presence of crystallization water in the sili-
cate, it can be concluded that the filler is much more polar 
compared to PP. It should be also added that in the produc-
tion of the composite materials no compatibilizer was used. 

The lack of affinity and adhesion between PP and the filler 
results in the absence of intercalation of the filler particles 
by macromolecules. Thus, intercrystalline regions are not 
formed. However, mineral inclusions are partially anchored 
in the PP matrix (the connections between the filler parti-
cles and the polymer are shown in the SEM images, e.g. in 
Fig. 3b, c) as a result of the simultaneous action of shear 
forces and elevated temperature during processing. It can 
therefore be postulated the formation of a specific core 
structure inside the cavities filled with particles of modifier.

Fig. 2   SEM images of i-PP 
composites containing 2.5% (a, 
b), 5% (c, d) and 10% (e, f) of 
filler. Surface images: a, c, e; 
cross-sections of the samples 
broken in liquid nitrogen: b, d, 
f. Magnification ×10,000
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3.3 � Thermogravimetric analysis (TGA)

The neat polymer, the filler and the composites of different 
compositions were analyzed by thermogravimetric analysis 

in order to determine their thermal stability. Figure 4 shows 
TGA results for i-PP and the filler (Sillicolloid P87).

PP is stable up to about 360 °C, the one-step degrada-
tion occurs in the range of 360–460 °C with maximal rate 
at 452 °C. The polymer decomposition is complete (100%) 
at 500 °C in nitrogen atmosphere (Fig.  4a). First endo-
thermic peak on DSC curve at 167 °C (and corresponding 
ΔH = 73 J/g) is attributed to melting crystalline phase. Two 
next extrema: exothermic peak at 380 °C and endothermic 
one at 484 °C are directly connected with sample decompo-
sition and emission of degradation products. The detailed 
mechanism and kinetics of thermal degradation of the i-PP 
had been previously discussed in the literature [14–18]. The 
volatile products of PP decomposition in inert atmosphere 
are alkanes, alkenes, dienes and even small amount of aro-
matic compounds. This indicates that random main chain 
scission may be accompanied by intermolecular transfer 
of hydrogen atoms or radicals and rearrangement reac-
tions. As previous kinetic studies have shown, the order of 
decomposition rate of PP is 0.35, and the apparent activa-
tion energy is in the range of 129–139 kJ/mol, dependently 
on the heating rate [18]. Our results obtained from thermal 
analysis of i-PP are consistent with those published earlier 
for this polymer [18, 19].

As expected, the filler appeared to be very stable up 
to 600 °C under applied conditions (Fig.  4b). Only slight 
weight loss (3.6%) has been observed at higher tempera-
tures (above 400 °C) probably due to the impurities decay. 
This filler is characterized by continuous heat evolution in 
the whole temperature range.

The results of TGA analysis for i-PP composites con-
taining 2.5, 5 and 10% of the filler are shown in Fig. 5. It 
can be seen that TG curves move towards higher tempera-
tures with increasing filler content in the sample (Fig. 5a), 
indicating an improvement in thermal stability of the com-
posites with respect to pure i-PP. The parameters acquired 
from the above curves, illustrating the heat resistance of 
the studied systems, are summarized in Table 1. A rise in 
temperature of decomposition onset (To) is from 20 to over 
50 °C. Much smaller changes have been observed for the 
temperature at the maximum rate of decomposition. The 
process ends at approximately the same temperature for all 
studied samples.

DTG curves show that the rate of thermal degrada-
tion is much higher for the composites than for neat i-PP 
(Fig.  5b). Incomplete weight loss for the composites is 
due to the inorganic residue that remained after polymer 
decomposition.

DSC curves of all composites show endothermic peak 
similar to neat i-PP (Fig. 4a) due to the melting crystalline 
phase. Position of the melting peak is almost the same for 
all samples. Also the heats of fusion calculated from the 
peak area for i-PP + filler are similar to the value for neat 

Fig. 3   The details of i-PP composite structure. SEM images (cross-
sections) at different magnification
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polymer. Degradation of the polymer is also endothermic 
process preceded by an exothermic one. Minimum of DSC 
peak in the temperature range 400–480 °C occurs at simi-
lar or slightly lower temperature for all samples, but ΔH of 
decomposition increases considerably (even several times) 
for the composites compared to i-PP. It means that more 
heat is needed to decompose the composites than unmodi-
fied polymer. The exothermic process (occurring just 
before the rapid main weight loss) can be attributed to the 
polymer oxidation. The analyses were conducted in nitro-
gen atmosphere, but the observed oxidation may be caused 
by the adsorbed oxygen which could have been incorpo-
rated into the polymer bulk during extrusion taking place in 
air. Such course of thermal degradation of PP corresponds 
well to the results reported by Golebiewski and Galeski 
[20]. Thus, our observations are similar to that of the men-
tioned authors. We also noticed the decrease in exothermic 
effect in the samples with increasing content of the filler, 

which may be related to the reduced oxygen diffusion in the 
polymer composites (i.e. more difficult oxygen penetration 
through the composite).

3.4 � XRD analysis

The crystallinity of the i-PP in the composites with the 
filler was analyzed by XRD. Polymer showed typical of 
semicrystalline phase XRD pattern (Fig. 6) with signals at 
2Θ: 14.16°, 17.01°, 18.65°, 21.30/21.88° and 25.59° cor-
responding to (110), (040), (130) and (111)/(131) and (060) 
planes, respectively. These reflections are present in the 
studied composites too (Fig. 7). The observed shape of dif-
fraction profile can be attributed to the α-structure of i-PP 
[21, 22]. The calculated degree of crystallinity of this poly-
mer is about 55%. This value is within the range of the val-
ues previously established for the i-PP. It is well known that 
the degree of crystallinity depends on the annealing time 

Fig. 4   TG, DTG and DSC 
curves of i-PP (a) and Sillikol-
loid P87 filler (b)
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and temperature, moreover, the macromolecules order in 
the bulk differs from the surface arrangement [21].

In XRD pattern of the filler, the main signal appears at 
2Θ of 26.61° (Fig. 6). In addition, several signals of lower 
intensity are detected at 12.33°, 20.84°, 24.91° (and in the 

degree range of 30–80°, not shown here). This pattern con-
firms the presence of crystalline kaolinite and silica in the 
filler [23, 24].

Data from deconvoluted XRD curves for i-PP and the 
composites are collected in Table 2. The data contain signal 

Fig. 5   TG (a) and DTG (b) 
curves of i-PP composites

Table 1   Thermal parameters determined from TGA analysis for i-PP, silicate filler (Sillikolloid P87) and i-PP + filler composites

*In brackets the temperature range of transition (in °C) is given

Sample To (°C) Tmax (°C) Tend (°C) Δm (%) Melting
TEndo (°C) / ΔH (J g−1)

Decomposition
TEndo (°C) / ΔH (J g−1)

i-PP 360 452 467 100 167/73 484/134
(450–500)*

i-PP + 2.5% filler 380 462 471 94.5 165/58 485/749
(450–550)

i-PP + 5% filler 400 459 466 96.1 165/72 478/327
(420–496)

i-PP + 10% filler 415 457 464 91.5 164/66 465/321
(430–490)

Silicate filler ∼400 512 ∼600 3.6 Exo - /1401
(20–600)
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position, full width at half maximum, distance between 
planes of atoms (d-spacing) and degree of crystallinity.

PP composites filled with silica exhibit similar XRD 
profile to neat polymer; however, slight shifts of the sig-
nals and changes in their intensities have been observed 
(Fig. 7; Table 2). Additionally, peaks of the low intensity, 
characteristic of the filler, are also present in XRD patterns 
(at 2Θ: 12°–13° and 26°–28°). However, the d-spacing 
remains unchanged for the i-PP, indicating no alteration in 
the arrangement of the polymer chains during the modifi-
cation process. That is, mainly the preparation conditions 
(temperature, time in molten state, cooling rate) influence 
the type of the structure order in polymer.

Interlayer spacing, practically unchanged, clearly indi-
cates that the filler does not disturb PP crystallization and 
intercalation of macromolecules into the filler grains and 
sheets, which was seen from microscopic studies. This 
conclusion is consistent with that from DSC results, as it 
was also suggested that the crystalline structure of PP in 
the composites remained unchanged. XRD data obtained 
for the studied systems correspond to previously published 
results for other composites based on i-PP [25–27].

Interestingly, the introduction of the filler into PP causes 
an increase in degree of crystallinity of the polymer by 
approx. 6–15%. It suggests that silica grains can act as 
nucleating agents, which is advantageous in the case of 
production of piezoelectric materials.

3.5 � Mechanical properties

Stress–strain curves, obtained in a standard tensile test for 
i-PP and its composites, are typical of tough-hard plas-
tics with necking region. Table 3 contains the results from 
mechanical tests of the studied samples.

As can be seen, for i-PP composites, Young’s modulus 
systematically rises with increasing content of the filler in 
the sample. Similar effect was often observed for polymer 
nanocomposites with various types of silicone fillers, par-
ticularly at low content of fillers in a matrix [28, 29]. The 
increase in the Young’s modulus indicates good quality of 
samples and lack of defects weakening the structure, which 
is not achieved easily in the case of the cellular structure. 
Voids in the polymer matrix generally worsen significantly 
the mechanical properties of composites.

Fig. 6   XRD patterns of i-PP 
and the filler. Kaolin (K) and 
quartz (Q) peaks are identified 
in filler pattern

Fig. 7   XRD patterns of i-PP 
composites (F denotes signals 
of filler)
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The elasticity range, in which Hooke’s law is fulfilled, 
extends to the stress values of 23–26  MPa, which is suf-
ficient for the piezoelectric application of the materials. 
Interestingly, the upper limit of elasticity increases slightly 
in the presence of the filler in i-PP composites.

Nevertheless, other estimated mechanical parameters 
depend on quantitative composition of the sample. The 
lowest content (2.5%) of the filler in the composite can 
lead to slight improvement in σb, σm, and εb (while εm 
decreases), contrary to the composites of i-PP containing 
5 and 10% of the filler. However, the observed changes in 
mechanical properties are not so extensive (except for εm). 
It should be emphasized that in the case of composites used 
as piezoelectric materials, the most important is the resist-
ance to repetitive relatively small mechanical forces. More-
over, the materials should be characterized by reversible 
deformation in the initial range of stresses.

The improvement in mechanical properties (Young 
modulus and the limit of elasticity) can be related to the 
increase in the degree of crystallinity and more dense mac-
romolecules packing, despite the heterogeneity of the com-
posites. One may also find that the dispersion of the filler 
particles of different sizes and the distribution of voids are 
good enough to acquire adequate mechanical properties for 
the intended uses.

3.6 � Piezoelectrical properties

It is difficult to predict the piezoelectric properties of crys-
talline polymers doped with mineral fillers on the base of 
temporary knowledge concerning the piezoelectric materi-
als. It is well known that the inorganic particles introduced 
into polymer bulk are the source of charge carriers and 
together with the structural defects can positively influence 
the electrets formation. It is important that their trapping 
energy should be large enough to form a stable system. On 
the other hand, too many structural defects (e.g. voids) may 
result in poor mechanical properties. Thus, the best compo-
sition of the composites with desired properties should be 
a kind of compromise. Therefore, the piezoelectric charge 
and voltage of new composites have to be measured, which 
allows to predict the potential usefulness of the studied 
materials.

The plot of piezoelectric charge density and voltage 
(measured at press of 100 kPa) as a function of time is pre-
sented in Fig. 8. One can see that the charge density value 
determined after several days decreases systematically in 
time for neat i-PP. For the composites, the charge values 
vary only slightly and these changes enhance or decrease 
depending on the charge obtained during polarization pro-
cess. Such alterations may be related to uneven charge dis-
tribution on the electret’s surface. The same dependence 
has been found for sample voltage investigated in time.

The dependence of the electric charge vs. mechani-
cal stress acting on the sample, determined after 115 days 
from polarization procedure, was used for calculation of d33 
constant (Fig. 9). For comparative purposes, the values for 
PVDF film (as a reference) have been presented in Fig. 9. 
As can be seen, d33 constant is bigger for composites than 
for PVDF film. It reaches 40 pC/N for lower stress and falls 

Table 2   Main signals in XRD patterns (2Θ,°), full width at half 
maximum (FWHM,°), d-spacing (Å) and crystallinity degree (X, %) 
in i-PP and its composites with silicate filler (Sillikolloid P87)

*Signals from filler

Sample 2Θ (°) FWHM (°) d-spacing (Å) X (%)

i-PP 14.1 
17.0
18.6 
21.9

0.58
0.52
0.81
0.88

6.3
5.2
4.6
4.0

55.0

i-PP + 2.5% filler 12.6*
22.1*
14.3
17.1
18.8
22.1

0.28*
0.28*
0.55
0.50
0.75
0.82

7.0*
4.2*
6.2
5.2
4.7
4.0

61.2

i-PP + 5% filler 12.4*
20.9*
14.2
17.0
18.6
21.9

0.26*
0.26*
0.48
0.39
0.51
0.62

7.1*
4.2*
6.3
5.2
4.8
4.1

66.5

i-PP + 10% filler 12.8*
21.3*
14.5
17.3
19.0
22.3

0.31*
0.46*
0.57
0.49
0.62
0.68

6.9*
4.2*
6.1
5.1
4.7
4.0

70.7

Table 3   Mechanical properties 
of i-PP and its composites with 
silicate filler (Sillikolloid P87)

Sample σm (MPa) σb (MPa) εm (%) εb (%) Et (MPa) The limit 
of elasticity 
(MPa)

i-PP 30.5 30.1 511 626 1064 23.2
i-PP + 2.5% filler 31.0 30.5 274 644 1068 25.0
i-PP + 5% filler 30.1 26.3 268 617 1142 25.5
i-PP + 10% filler 28.5 25.8 5.4 543 1259 26.5
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to 23  pC/N for higher stress. These results are consistent 
with reference data [30]. For composite with 10% of the 
filler, d33 is several times higher than for PVDF film. For 
low stresses, it reaches ~200 pC/N, for higher ones, it is ca. 
~80 pC/N.

The studies concerning possibility of obtaining compos-
ites, based on PP, having high piezoelectric constants were 
suggested earlier by other authors [31, 32]. The obtained 
value of d33 was several times smaller than that for PP after 
double expansion process [3, 4]. However, these films were 
characterized by low values of Young’s moduli, which 
made their possible applications limited to the devices in 
which small stress values of materials could be sufficient 
(microphones, loudspeakers).

In this work, the piezoelectric PP composites with 
the filler had higher d33 values, also Young’s modu-
lus for these composites slightly increased compared to 
neat i-PP and was in the range from 1068 to 1259 MPa 
(Table 3). This can be caused by the formation of skeletal 
structure inside voids (Fig. 3c), as discussed in Sect. 3.2. 
In the presence of such voids, depolarization process of 
electrets was slower because of stronger charge trapping 
and also piezoelectric properties were enhanced by spe-
cific structure of cavities (Fig. 8). Moreover, high values 
of Young’s modulus of these composites is an advantage 
because they can have many practical applications.

It is important that the measured piezoelectric charge 
was stable, despite slight alterations during storage for 
115  days. Also aging of the samples at 65 °C for 0.5  h 
did not cause a significant change in the voltage and the 

Fig. 8   Dependence of 
piezoelectric charge density and 
voltage as a function of time 
(filled markers points represent 
measurements made after aging 
of samples)

Fig. 9   Dependence of piezo-
electric constant as a function of 
pressure
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piezoelectric charge, which is very promising outcome 
from practical point of view.

4 � Conclusion

The i-PP composites containing silica based mineral 
filler - Sillikolloid P87, obtained in extrusion process, 
exhibited heterogeneous cellular morphology, confirmed 
by SEM. The good distribution of the filler in polymer 
matrix resulted in a growth in Young’s modulus of the 
composites. The limit of elasticity of the composites 
appeared at stress of about 25–26 MPa. Other parameters 
from mechanical tensile tests (determined at break) wors-
ened in composites but they are not very important in the 
case of piezoelectric materials working generally at low 
forces.

Large deformation of electrically charged voids under 
the influence of mechanical stress are possible because 
of good elastic properties of the films, which enables 
the achievement of high piezoelectric constants. For film 
made of neat PP, d33 constant reaches ~14 pC/N; for com-
posite films of cellular structure, these values are much 
higher in the whole range of investigated stresses from 
10 to 120  kPa. The highest d33 value was obtained for 
PP film with 10% of the filler and reached 200 pC/N for 
lower stresses and 80 pC/N for higher ones. These values 
are much higher than that for neat PVDF film.

Isotactic PP is resistant to heat. Moreover, the intro-
duction of the silica modifier to this polymer further 
improves its thermal stability. It can be concluded that the 
thermal stability of the studied systems is good enough 
to apply conventional processing methods as extrusion 
and to disperse properly the mineral filler in the polymer 
matrix in a molten state.

Summarizing, isotactic PP modified with the silicate 
filler (Sillikolloid P87) exhibited better piezoelectrical 
properties than neat i-PP, which was caused by altered 
morphology of the samples and higher degree of crys-
tallinity. Inorganic mineral particles introduced into the 
polymer acted as nucleating agents and they were also 
the source of the structural defects. In these composites, 
the voids, well distributed in i-PP matrix, were the places 
where the piezoelectrical charge accumulated. Materials 
having such structure are characterized by high values of 
piezoelectric constants and good thermal stability.

One can expect that such types of i-PP composites 
may be raw piezoelectric materials for the production of 
sensors and micromachines in the nearest future.
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