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Abstract: 

Ferroelectrets  are  thin films of polymer foams,  exhibiting piezoelectric  properties after  electrical 

charging. Ferroelectret foams usually consist of a cellular polymer structure filled with air. Polymer-

air composites are elastically soft due to their high air content as well as due to the size and shape of 

the polymer walls.  Their elastically soft composite structure is one essential key for the working 

principle  of  ferroelectrets,  besides  the permanent  trapping of  electric charges  inside the polymer 

voids. The elastic properties allow large deformations of the electrically charged voids. However, the 

composite structure can also possibly limit the stability and consequently the range of applications 

because of, e. g., penetration of gas and liquids accompanied by discharge phenomena or because of a 

mechanical pre-load which may be required during the application. Here, we discuss various stability 

aspects related to the piezoelectric properties of polypropylene ferroelectrets. Near and below room 

temperature,  the  piezoelectric  effect  and  the  stability  of  the  trapped  charges  are  practically 

independent  from humidity  during  long-time storage  in  a  humid  atmosphere  or  water,  or  from 

operating  conditions,  such  as  continuous  mechanical  excitation.  Thermal  treatment  of  cellular 

polypropylene above 10°C leads to a softening of the voided structure which is apparent from the 

decreasing values of the elastic modulus. This decrease results in an increase of the piezoelectric 

activity. Heating above 60°C, however, leads to a decrease in piezoelectricity.

1 Introduction

Ferroelectrets are polymer-air composites with piezoelectric properties [1, 2]. They are formed by 

foaming charge-storing electret polymers, have void sizes of tens of µm in length and several µm in 

height and exhibit a typical cellular structure as shown in Fig. 1 (left). As most of the voids are 

closed, cellular ferroelectrets may described as 0-3 void-polymer composites in the connectivity nota-

tion employed by Newnham et al. [3]. Applications of a high electric field leads to Paschen break-
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down, thereby depositing an internal charge at the top and bottom of the void surfaces as schematical-

ly shown in Fig. 1 (right). These charges of opposite polarity form macroscopic dipoles. Due to the 

morphology, the void heights and thus the dipole moment can be easily changed by applying a me-

chanical  stress,  leading to  an electric signal.  Through this  mechanism, ferroelectrets  obtain their 

piezoelectric properties. In the most widely studied ferroelectret, polypropylene (PP) foams, typical 

d33 coefficients of several hundred pC/N and pm/V have been determined for the direct and inverse 

piezoelectric effect, respectively (see for instance the reviews [1, 2] and references therein). These 

values are comparable to the piezoelectric activity of many electroceramics [5]. The polarity of the 

trapped charges (and thus the polarization) can be switched by successively applying high electric 

fields of opposite sign. The electric field must be above a threshold value [6, 7] in order to initiate the 

micro-plasma discharges as basis for the internal charging process [8]. Thus, ferroelectrets are dis-

cussed as ferroic materials because of the following features: at least two stable polarization states (i), 

which can be switched (ii) with electric fields above a threshold (iii). These properties are comparable 

with those of ferroelectric materials; the underlying mechanisms, however, are completely different.

During the last five years, the preparation of voided polymer structures, the electrical charging via 

electric breakdown phenomena within the voids as well as the resulting elastic and piezoelectric prop-

erties have been studied and optimized in several laboratories, as summarized in References [1] and 

[2]. This work was mainly done on cellular polypropylene films, the “workhorse” of ferroelectret re-

search. Recently, the material base for ferroelectrets has been enlarged to other polymers, such as 

Teflon® AF [9],  polyethylene terephthalate (PETP)  [10, 11]  as well  as cyclo-olefin polymers and 

copolymers [12-14]. However, at present these materials require expensive matrix polymers or suffer 

from d33 coefficients that are inferior to those of cellular PP.

In some kinds of PP and PETP ferroelectrets (those prepared by extrusion and stretching of a filler 

loaded polymer) the piezoelectric properties are strongly dependent on their elastic properties, which 

in turn depend on the morphology of the material [10, 15-17], as is schematically shown in Fig. 2. 

Variation of the elastic properties is usually achieved by changing the void heights in various types of 

inflation processes, as described in detail in, e.g., [4, 18-20]. Typical values for the elastic stiffness 

and the piezoelectric coefficient of cellular PP and PETP are summarized in Tab. 1.

Despite the high relevance for applications, only a few investigations on the stability of ferroelec-

trets have been published. Investigations of the stability against ultraviolet light showed that irradia-

tion  of  PP ferroelectrets  at  wavelengths  shorter  than  210 nm decreases  the  piezoelectric  activity 

through partial photostimulated discharge [22]. The thermal stability of PP ferroelectrets strongly de-

pends on preparation and pre-aging procedures. Based on the pyroelectric properties of (non pre-

aged) cellular PP, a thermal stability up to 60°C was discussed [23]. Some recently published mea-
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surements show a similar dependence for the piezoelectric properties [24, 25]. With PETP ferroelec-

trets the thermal stability (currently at lower piezoelectric activity) is slightly enhanced [10]. The ther-

mal stability can be significantly enhanced by using cyclo-olefin polymer compounds (COC and 

COP) with high glass transition temperatures as basis for ferroelectrets. In COC and COP ferroelec-

trets the piezoelectric activity exhibits long-term stability up to at least 100 °C, depending on the used 

polymer compounds [14]. However, no systematic investigations covering the elastic properties dur-

ing heat treatment have yet been published.

In the present work, we investigate the elastic and piezoelectric properties of PP ferroelectrets dur-

ing thermal treatment at different temperatures. Furthermore, we describe the influence of a mechani-

cal load on the piezoelectric properties of PP ferroelectret films. These investigations are accompa-

nied by dynamic fatigue measurements by continuous excitation of the transducer films for at least 

15 h as well as repeated measurements of piezoelectric activity during 200 days after sample prepara-

tion. In addition, we study changes in the electrical and mechanical parameters during exposure to a 

humid environment.

2 Experimental Procedures

2.1 Thermal and electrical treatment of cellular polypropylene film

Cellular polypropylene films of different thickness (nominal values 37, 70, 100 and 130 µm) were 

supplied by VTT Processes, Tampere, Finland. All samples were charged in a point-to-plane corona 

discharge using corona-tip voltages above 20 kV to ensure a poling field above the threshold for ini-

tiating micro-discharges in the internal voids. The charged films were coated with metal electrodes 

(50 nm thickness) in high vacuum. In most cases, the electrode material was aluminum, except for the 

humidity studies, where gold electrodes were used. Long-term heat treatment in wet and dry atmo-

spheres was performed in a Heraeus Instruments oven. In order to measure the piezoelectric coeffi-

cient, the samples were removed from the oven and cooled down to room temperature. After the de-

termination of the d33 coefficient at room temperature, the samples were again exposed to the elevated 

temperature. All treatment times given in section 3 are the accumulated exposure time to the elevated 

temperature, excluding the time for the cooling procedure and the piezoelectric measurement.

2.2 Measurement of quasistatic and dynamic piezoelectric coefficients

Dynamic piezoelectric d33 coefficients were determined by means of dynamic mechanical excita-
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tion of the sample with a stress amplitude of 10 kPa at a frequency of 2 Hz with a Brüel & Kjaer mod-

el 4810 shaker. In addition, a mechanical bias stress in the range of 10 to 90 kPa was applied to the 

sample. The resulting electric response of the sample was amplified by means of a Brüel & Kjaer 

model 2635 amplifier and recorded with a digital storage oscilloscope. The direct piezoelectric d33 co-

efficient was then calculated from the applied force and the resulting electrical signal. Quasistatic 

piezoelectric d33 coefficients were determined with a mechanical load of 500 g.

2.3 Dielectric resonance spectroscopy

Assessing the long-term stability of ferroelectrets under ambient and humid conditions requires a 

reliable method for determining their piezoelectric coefficients. Standard electromechanical methods 

rely on applying a mechanical stress to the sample, which may cause irreversible or slowly reversible 

creep in materials with a low elastic modulus [25], thus limiting the accuracy of the measurements. 

Therefore, the all-electrical method of dielectric resonance spectroscopy was used instead. As an ad-

ditional benefit, other device and material parameters, such as the resonance frequency, the elastic 

modulus and the electromechanical coupling constant could be determined from a single measure-

ment. The principles of this method have been discussed extensively in a recent review [26], so that 

only  a  brief  summary  will  be  given  here.  Upon  application  of  an  oscillating  electric  field 

  0
iωtE t = E e  the sample exhibits length-, width- and thickness-extension resonances at its eigenfre-

quencies. For the thickness extension resonance of free-standing thin planar films, the complex capac-

itance is given by [27]
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Thus, a change in the elastic stiffness of piezoelectric materials results in a change of the thickness-

extension resonance frequency. The dielectric spectra were acquired with a Novocontrol® ALPHA 

spectrometer under isothermal conditions (in a Novocontrol® Quatro cryostat) in the frequency range 

between 200 kHz and 2 MHz. In order to accommodate mechanical losses, c33 and kt were assumed to 

be complex. The measured dielectric spectrum was normalized with the spectrum of a precision low-

loss reference capacitor with a capacitance closely matching that of the sample film. This procedure 

eliminated electrical artifacts in the 10…20 fF range caused by the switching of internal spectrometer 

components. 

3 Results and Discussion

3.1 Temporal stability and influence of a bias stress

At room temperature in ambient atmosphere, the piezoelectric activity of PP ferroelectret films de-

creases slightly within the first several days as shown in Fig. 3 (left). This decay is about 25, 36 and 

20% for the films with a nominal initial thickness of 37, 70 and 100 µm, respectively. Apart from this 

initial decay, however, the d33 coefficient is stable for periods of at least 200 days [28]. The decrease 

during the first few days after charging may have different origins: (i) possible charge relaxations that 

will reduce the amount of charges in the electric (macroscopic) dipoles, and (ii) structural modifica-

tions which may lead to thickness relaxations and thus to changes of the dipole size. Changes in the 

film thickness (and thus of the film density) also modify the elastic properties as discussed above and 

as schematically shown in Figure 2.

A change in the elastic properties also occurs when a static bias stress is applied to the relatively 

soft PP ferroelectrets. The static stress reduces the thickness (and increases the density) of the trans-

ducer films. However, taking into account the dependence shown in Fig. 2, the piezoelectric activity 

in films with different initial structures may either decrease or increase if a static bias stress is applied. 

Figure 4 shows this behavior for a sample with maximum piezoelectric activity (and lowest elastic 

stiffness). The bias stress leads to an increase of the elastic stiffness and to reduced piezoelectricity. 

However, during long-term experiments, the  d33 coefficients decreased only slightly when the bias 

stress was applied for at least 14 hours.

5

This manuscript was published in Ferroelectrics   331, 189–199 (2006)



3.2 Thermal stability

Cellular PP films are known to lose their piezoelectric properties if heated to temperatures above 

50 °C for extended periods of time (typically, several days) [25, 29] as the increased electrical con-

ductivity leads to a gradual charge neutralization. This is clearly visible in Fig. 3 (right), where the d33 

coefficient drops to 60 and 30% of the initial value in films with a thickness of 100 and 37 µm, re-

spectively, during annealing at 50 °C. The difference in the decay rates may be explained by the dif-

ferent morphology of the films.

The situation is different, however, for short-term (up to several hours) heating to 60…70 °C . The 

short-term thermal stability of PP foam with a thickness of 70 µm is demonstrated by the dielectric 

resonance map shown in Fig. 5. The frequency scans were acquired under isothermal conditions in 

10 °C increments over a period of several hours. The strongest loss peak around 600 kHz is caused by 

the thicknesses extension resonance while the weaker peak near 50 kHz results from a radial reso-

nance mode of the film coated with circular electrodes. Above room temperature, both resonance fre-

quencies decrease with increasing temperature, indicating a gradual softening of the material. For a 

quantitative analysis, the temperature dependence of the material parameters was calculated via Eqs. 

(1) – (3). The elastic modulus  c33 shows a gradual decrease with temperature between 100 and 

10 °C and a substantially accelerated decrease above 10 °C (cf. Fig. 6, right). The transition point is 

located between 10 and 0 °C, slightly higher than the glass transition temperature Tg of atactic PP, 

commonly quoted as  14 °C [30]. The small difference probably indicates a slight increase in  Tg, 

probably due to the mechanical stretching. 

The change in the elastic modulus is not accompanied by qualitatively similar changes in thick-

ness, as shown by the plot of capacitance versus temperature in Fig. 7. As the samples form a parallel 

plate capacitor, their capacitance is given by C' = εε0A/h where ε is the dielectric constant and ε0 is the 

permittivity of free space. Since A can be considered virtually temperature-independent (any changes 

in A would have a substantial effect on the radial extension resonance mode in Fig. 5) and ε is only a 

weak function of temperature for both air and PP [31], a nearly temperature-independent capacitance 

indicates that the thickness, too, is not a strong function of temperature.

The softening of the films at elevated temperatures has a profound effect on their piezoelectric co-

efficients. Films with higher sensitivity (film thicknesses 70 and 100 µm in Fig. 6) show a strong in-

crease in d33 if heated up to 60 °C for periods of a few hours (Fig. 6, left), in good agreement with the 

results of Taylor and Fernández [25]. The increase is caused by a softening of the cellular structure 

(Fig. 6, right) allowing for a larger deformation when an electric field or mechanical stress is applied. 

Above 60 °C, d33 declines rapidly, marking the onset of irreversible charge decay. From the tempera-
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ture dependence of c33 and d33, relative temperature coefficients 
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were calculated. The room-temperature (20 °C) values listed in Tab. 2 are as high as 0.012 K1, an im-

portant consideration in the design of device applications. It should be noted that thermal aging may 

enhance the service temperature of cellular PP to about 80 °C. While this thermal aging lowers the 

piezoelectric activity, the remaining piezoelectric coefficients of some kinds of cellular PP films are 

still significantly higher than those of classical ferroelectric polymers.

3.3 Humid environments

For the investigation of material parameters in humid environments, charged cellular PP samples 

(nominal thickness 100 µm) were coated with gold electrodes (50 nm thickness). One batch of these 

films was immersed in distilled  water and subjected to elevated temperatures, while another batch 

from the same polymer sheet was subjected to the same temperatures in ambient atmosphere. Their 

electrical and mechanical properties were measured in intervals of 3-10 days by recording and analyz-

ing the dielectric resonance spectra. After removing the samples from storage, two dielectric spectra 

were recorded at room temperature approximately 15 min apart. All samples within their respective 

batch exhibited a similar behavior; Fig. 8 shows the piezoelectric coefficient d33 and the elastic modu-

lus c33 of one sample each from the “wet” and “dry” group, respectively. In both cases, the piezoelec-

tric activity exhibits a slight (<15%) decline during the first 41 days, during which the temperature did 

not exceed 45 °C. At 50 °C, a stronger 25% decrease in d33 is observed during a time span of 12 d. 

This coincides with the onset of a thermally stimulated open-circuit discharge current [29]. The pres-

ence of water does not significantly accelerate the decay of  d33. However, the humidity appears to 

have a short-term softening effect, even though the sample masses showed no increase which might 

be caused by the absorption of water. In Fig. 8, the elastic modulus at the time of removal from stor-

age is systematically lower compared to the values 15 min later. Correspondingly, a higher piezoelec-

tric activity is observed. The same effect is much weaker in the “dry” samples.
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4 Conclusions
Ferroelectret films have a great potential for many sensor and actuator applications due to their 

high piezoelectric activity, mechanical flexibility, large area and low manufacturing cost. The current 

“work horse” material, cellular polypropylene, excels with d33 coefficients of several hundred pC/N. It 

also exhibits a high stability in humid environments, as well as under mechanical stress. The softening 

of the films above the glass transition temperature around 10 °C gives rise to higher piezoelectric co-

efficients, with relative temperature coefficients of up to 0.01 K1. This temperature dependence must 

be taken into account in may device applications.

For applications in environments above 50 °C, the limited long-term stability of PP ferroelectrets 

becomes a problem. The present study did, however, shed some light on the stability of PP ferroelec-

trets under various conditions. With the significantly improved understanding of the mechanisms un-

derlying the decrease of piezoelectricity, it becomes possible to employ pre-aging procedures in order 

to enable the use of ferroelectrets in more demanding applications.
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Figure 1: Scanning-electron micrograph of a cross section of a PP ferroelectret film (left, after [4]) 
and schematic figure of the cellular structure with trapped charges (right).
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Figure 2: Piezoelectric activity and elastic stiffness as function of the foam density: Schematic sketch 
of typical behavior found on ferroelectret PP and PETP foams prepared by extrusion and stretching of 

a filler loaded polymer sheet (after [10])
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Figure 3: Temporal stability of piezoelectric cellular PP films. Left: room-temperature quasistatic 
piezoelectric coefficient d33 of 37, 70 100 μm thick films. Right: decay of  the quasistatic d33 coefficient at 

50 °C in ambient atmosphere.
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Figure 4: Changes in the dynamically measured piezoelectric d33 coefficient, recorded on a 70 µm 
cellular PP film with different static bias stresses.
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Figure 5: Dielectric loss (C'') of a 70 µm cellular PP film as a function of frequency and temperature. 
The frequency spectra were acquired under isothermal conditions at temperatures between -100 and 

+120 °C in 10 °C increments. The strong loss peak around 600 kHz results from the  thickness 
extension resonance.
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Figure 6: Piezoelectric d33 coefficients (left) and elastic moduli c33 (right) of three different PP 
ferroelectret films as a function of temperature. The data was obtained from piezoelectric resonance 

measurements.
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Figure 7: Change in capacitance of three cellular PP samples (same as in Fig. 6) during heating.
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Figure 8: Piezoelectric coefficient d33 and elastic modulus c33 as a function of storage time in distilled 
water (left) or in ambient atmosphere (right) at successively higher temperatures. The open and solid 
symbols denote the results from the first and second dielectric resonance measurement, performed 

immediately after removing the sample from storage and approx. 15 min later.
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Table 1: Elastic and piezoelectric properties of PP and PETP ferroelectrets compared to non-cellular 
polyvinylidene fluoride (a ferroelectric polymer). Resonance frequencies are given for a sample 
thickness found in typical device applications.

elastic stiffness
c33 (MPa)

piezoelectric 
coefficient
d33 (pC/N)

resonance 
frequency
fres (MHz)

reference

cellularPP 1.3 ... 14 up to 340 0.6 … 2 [15]
cellular PETP 7 up to 23 0.56 [10]

PVDF 9470 17.4 10 … 30 [21]
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Table 2: Material parameters for three types of PP foam, obtained with dielectric resonance 
spectroscopy. The temperature coefficients c and d are defined in Eqs. (4) and (5).

PP foam type

#1 #2 #3
nominal expanded thickness [µm] 37 70 130
elastic modulus c33 at 20 °C [MPa]
temperature coefficient c at 20 °C [K-1]

10.7
0.0064

2.7


9.3


piezoelectric coefficient d33 at 20 °C [pC/N]
temperature coefficient d at 20 °C [K-1]

23
--

208
0.0086

27
0.012
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