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Abstract: Open-cell foams of polyvinylidene fluoride (PVDF) homopolymer were fabricated with 

the content of polar phase changed by thermal treatment, and their airborne acoustic absorption 

performance properties were measured comparably in an acoustic tube. The experimental results 

showed that the sample with the more polar phase and hence stronger local piezoelectric effect 

exhibited significantly larger acoustic absorption coefficient. In addition to the conventional visco-

inertial, thermal and materials damping effects, our analysis indicated that the thin and polar struts 

of PVDF foams with polar phase and local piezoelectric effect may further enhance the mechanical 

damping by converting the excited mechanical vibration to electricity through the local 

piezoelectric effect, and increasing the friction and viscous loss at the fluid-solid interface with the 

presence of electrical charges. The open-cell polymer foams with high content of polar phase and 

local piezoelectric effect have great potential for passive airborne noise mitigation applications. 
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Acoustic absorption became a subject of importance for both noise mitigation and interior 

acoustics optimization because of the strong revival in advanced technologies that led to increasing 

the noise level tremendously. Among the various environmental issues, noise pollution has been 

growing over the past years especially in many developed urban areas. Active, passive, and hybrid 

noise mitigations are the commonly used approaches for noise cancellation. 1-2 Passive noise 

absorption technique is attractive in most of applications because it does not require an external 

source of electrical energy nor complex algorithm for control over such complicated system.2 The 

dissipation of sound in the audible range transmitting medium, such as air, is quite minimal and 

consequently, the noise mitigation approaches had emerged starting with W. C. Sabine around 

1895 when he studied for the first time the relation between reverberation in a room and its sound 

absorption.3 Passive noise approach realizes through the efficient absorption of sound using 

absorbing materials. The performance of such materials depends on their microstructure in which 

the sound energy is dissipated over several mechanisms associated with the solid phase, fluid 

phase, and solid-fluid interface.4 Ultimately all acoustic energy is converted into random thermal 

energy, and this is the typical case of sound energy dissipation.5 

Sound waves energy dissipated through three types of interactions: visco-inertial, thermal and 

structural mechanisms.6-8 Visco-inertial dissipation mechanism occurs in the region of the solid 

surface, where the non–slip boundary condition can take place and cause large relative motion 

within the viscous boundary layer, which is the first mechanism for the sound energy dissipation.6, 

7, 9 Thermal dissipation mechanism is another mechanism, which occurs by the heat conduction 

through solid phase resulting in the breakdown of the adiabatic character of sound propagation.10 

Furthermore, structural dissipation mechanisms are associated with the structural damping effect 

that takes place due to the excitation of a solid structure when it is struck by a sound wave.11-13 It 
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follows that materials with a large microstructure fluid-solid interfacial area, as in porous media, 

usually leads to the substantial dissipation coefficients, because such type of material allows 

efficient energy exchange between the fluid- and solid- phases.14, 15 Sound absorbing materials are 

classified based on their microscopic structure into cellular, fibrous, and granular.16, 17 They can 

also be classified into two classes, open- and closed-pores, based upon the macroscopic 

configurations of the absorbing materials. Open pores, which have interconnected, and continuous 

channels are connected to the ambient environment, while closed pores are those pores that are 

isolated from their neighbors.8, 11 The open-cell porous materials, which have two phases 

comprising a solid framework intertwined with a network of pores with many interfaces for the 

interactions, are desirable as superior sound absorbing materials. 

Absorption of acoustic energy depends on the sound wave frequency that is governed by the 

linear-response law because the sound is associated with very small air displacement velocities.14, 

17 The linear response law dictates that the frictional forces and fluxes to be both linearly 

proportional to the rate of the dissipation, 18, 19 thus, the absorption rate of low-frequency sound is 

small. Intrinsically, almost all materials have a weak absorption of the sound energy particularly 

below 2 kHz. Due to the limitations of porous materials at low frequency, other complicated 

methods have been evolved to overcome this problem, including the use of acoustic 

metamaterials20, 21, and sonic crystals.22 As a result, conventional sound absorbing materials 

possess fixed absorption spectra which can only be modified by changing the sample thickness 

that must be within a quarter of the sound-wavelength or through inventing new approach for 

enhancing the low-frequency sound absorption performance.2, 14  

The use of piezoelectric materials for noise control technologies passed by enormous 

advancements. Lead zirconate titanate (PZT) piezoelectric ceramics have been utilized as films for 
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suppression of the mechanical vibration plates by Yang and Chui,23 beams by Blanguernon et. 

al.,24 and shell structures by Balamurugan and Narayanan.25 Moreover, structural vibration 

damping technologies have been deployed utilizing the piezoelectric effect such as in the 

piezoelectric shunt damping and piezoelectric damping composites.26 A smart foam consists of a 

passive layer bonded to one surface of an active piezoelectric composite while the other surface is 

bonded to the vibrating plate surface was proposed to achieve a broad frequency range of vibration 

and acoustic noise control.27 Rahimabady, et al. have first introduced the concept of hybrid local-

piezoelectric and electrical conductive functions to achieve high-performance low-frequency 

airborne sound absorption, by using complex composite foam made of porous polar polyvinylidene 

fluoride (PVDF) mixed with conductive single-walled carbon nanotube (SWCNT).31 But after all 

these efforts, a profound understanding on how the insertion of piezoelectric activity to acoustical 

foams works and what are the associated complications could take place is not well developed yet. 

Hence, in this work, open-cell foams of simplified PVDF homopolymer composition with and 

without piezoelectric effects, were produced and used comparably for airborne noise mitigation 

investigation. How the polar phase and local piezoelectric effect would contribute to the air-borne 

sound absorption was addressed. 

Experimental details of foam preparation and characterization are presented in the 

supplementary material. 

It is well known that sound absorption is related to various materials properties. To assess the 

effect of local piezoelectric activity on the sound absorption performance, open-cell porous PVDF 

foams identical in all aspects except in their polar phase content are required. In this work, open-

cell PVDF homopolymer foams prepared under the same conditions using a sugar templating 

method with the mass ratio of PVDF: sugar = 1:9 were examined before and after thermal 
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annealing at 140 ˚C for 2 h. Attenuated total reflection infrared (ATR-FTIR) spectroscopy 

technique was used to study the polar phases in the PVDF foams. Figure 1 shows the ATR-FTIR 

spectra for the obtained PVDF foams. The characteristic vibration bands designated to the polar 𝛽 

phase are at 840 cm-1 (CH2 rocking and CF2 asymmetrical stretching) and 1279 cm-1 (C-F 

stretching vibration), while in contrast, the characteristic bands associated with the non-polar 𝛼 

phase are at 766 cm-1 (CH2 in-plane or rocking) and 976 cm-1 (CH2 twisting).24, 25 As shown in 

Figure 1, both β and α phases exist in the open-cell PVDF foams, while the polar β phase is 

significantly enhanced after the thermal annealing. Thus, the annealed PVDF foam with higher 

polar β phase content should possess stronger local piezoelectric effect than the unannealed foam. 

Furthermore, the FTIR spectra show apparent overall crystallinity enhancement besides the 

increase of β-phase content in the annealed foam. 

 

FIG. 1. The ATR-FTIR spectra of the porous PVDF foams before and after thermal annealing. 

The unmarked peaks are common for both β and α phases. 

Figures S1(a, b) and S1(c, d) show the morphology and the respective pore size histogram of the 

PVDF foams before and after thermal annealing. The PVDF foams are highly porous with open 

cell configuration, with pore size for both samples around 500 µm and below. The micrographs 
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and pore size distribution histogram reveal that the thermal annealing process does not 

substantially affect the morphology including pore size distribution of the PVDF foam. The 

porosity of the PVDF foam was estimated using solvent saturation method.31 In this method, a dry 

sample is immersed in a solvent, usually water or alcohol, and the change in the original weight is 

monitored until a constant weight is achieved. Then the porosity s calculated using Equation (1): 

∅(%) = (
(𝒎𝒔𝒂𝒕−𝒎𝒅)/𝝆𝒔𝒐𝒍𝒗𝒆𝒏𝒕 

𝑽𝒂
)                                          (1)  

where msat is the weight of the sample saturated with solvent, md is the dry weight, ρsolvent is the 

density of the used solvent, and Va is the apparent volume. The porosity was adjusted by 

controlling the mass ratio of PVDF and sugar to be approximately 90 % in the prepared foam. 

Stiffness is an important mechanical parameter affecting sound absorbing properties.30, 31 To 

assess its effect, the dynamic stiffness of open-cell PVDF foams was evaluated using dynamic 

mechanical analysis (DMA). The dynamic stiffness measurements of the prepared foams before 

and after thermal annealing is shown in Figure S2, where no significant change is observed for the 

open-cell PVDF foams after the thermal treatment. 

Figure 2 presents the sound absorption coefficient in the frequency range of 500-6400 Hz of 

PVDF foams with a thickness of 10 mm before and after thermal annealing. The sound absorption 

coefficient shows a significant increase after the thermal annealing of the PVDF foams at 140 ˚C 

for 2 h, while the microstructure and the mechanical properties are maintained after annealing as 

shown in Figure S1 and Figure S2, respectively. This improvement in sound absorption 

performance may be attributed to the increase of the polar β-phase content with local piezoelectric 

effect in the PVDF foams due to the thermal annealing treatment as shown in Figure 1.  We further 

measured the electrical resistivity of the open-cell PVDF foams as shown in Figure S3, and found 

a valley around 3.7 kHz, which is very close to the maximum damping peak in the acoustic 
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absorption coefficient measurement as shown in Figure 2. This observation is consistent with the 

result of how the variation of external resistive load affects the damping factor in the conventional 

piezoelectric shunt damping.32 Thus, the local piezoelectric effect in combination with an 

appropriate matching electrical resistivity in the open-cell PVDF foams can further enhance the 

acoustic absorption. 

 

 

FIG. 2. The sound absorption coefficient of the PVDF foams before and after thermal annealing. 

After the annealing, the change in the crystalline phases of PVDF must affect the polarization 

and dielectric property of PVDF foam.30 As shown in Figure 3, both the dielectric constant and 

dielectric loss of the PVDF foams increased after the thermal annealing, which could be an 

indication of the enhancement in the polar phase and polarization. The enhanced polar β phase and 

local polarization should improve the piezoelectric response, but it is not straightforward to clarify 

their relationship because of the challenge in measuring the local piezoelectric effect, particularly 

in the highly soft and porous foam samples. It should be noted that the open-cell PVDF foams 

have significantly lower dielectric constant than the solid PVDF counterpart due to the extremely 

porous structure. 33 
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FIG. 3. Dielectric constant and dielectric loss of PVDF foams at room temperature before and 

after thermal annealing. 

To investigate the ability of both annealed and unannealed samples on converting the sound 

mechanical energy into electrical output energy, a homemade measuring setup was constructed to 

conduct the experimental measurement for both the annealed and unannealed foams after 

electrically poled using corona discharges under 60 kV for 3 mm-thick samples. Figure S4 shows 

the setup used for measuring the output voltage response at different sound pressure levels. A 

loudspeaker of acoustic impedance tube was used in these measurements as a sound source in one 

side of the tube, while a microphone was used to measure the sound pressure level closely to the 

sample in the other side of the tube. The electrodes on the samples made of silver paste were 

collected to oscilloscope through a low noise amplifier (1:1) to collect the generated electrical 

charges. 

Figure 4 presents the output voltage versus various sound pressure level (SPL) at 700 Hz for 

both annealed and unannealed open-cell PVDF foams before and after electrical poling. Although 

both annealed and unannealed samples did not exhibit any substantial piezoelectric voltage 

response, they did show a substantial difference in the output voltage after poling. The annealed 
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PVDF foams showed larger piezoelectric output, which could be attributed to the enhancement of 

the polar β phase due to the thermal annealing (as shown in Figure 1) and the poling-induced 

polarization orientation. Without the polarization orientation, local polarization from the existence 

of β phase and local piezoelectric response should also exist although could not constructively 

generate a substantial observable overall output voltage due to the random polarization orientation. 

Nevertheless, even before poling, the annealed PVDF foam exhibited significantly improved noise 

absorption performance than the unannealed sample, indicating the content of polar β phase and 

local piezoelectric effect instead of the overall piezoelectric effect may have played a more critical 

role in noise absorption.     

 

 

FIG. 4. Voltage output at different sound pressure levels for open-cell PVDF foams before and 

after thermal annealing and electrical poling. 

After taking into account the effects of local polarization and local piezoelectric response, Figure 

5 schematically illustrates the noise absorption mechanisms in open-cell PVDF foam. When the 

acoustic wave strikes open-cell porous material, the sound pressure wave penetrates deeply inside 

the materials and the interactions between the fluid and solid occurs causing energy transfer from 

the fluid to the solid structure. As a consequence, the mechanical energy in the acoustic wave of 
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fluid is absorbed and eventually converted into heat. In addition to the conventional visco-inertial, 

thermal and materials damping effects, the thin and polar struts of PVDF with polar β phase have 

at least another two effects: (1) the mechanical vibration excited by the acoustic wave is partially 

damped by being converted to electricity through the local piezoelectric effect and finally to 

thermal energy; and (2) the friction and viscous loss at the fluid-solid interface may be enhanced 

with the presence of electrical charges. Thus, the enhancement in the polar β phase and local 

piezoelectricity in the open-cell porous PVDF foam after annealing significantly improved the 

acoustic absorption performance. Hence, open-cell PVDF polymer foam with high content of polar 

β phase has great potential for noise mitigation applications. 

 

FIG. 5. Schematic illustration of (a) an open-cell PVDF foam, and (b) mechanisms of acoustic 

energy absorption with polar β phase. 

In summary, open-cell foams of simplified PVDF homopolymer composition with different 

content of polar β phase were produced, and their airborne noise mitigation performance properties 

were investigated comparably. A thermal treatment was applied to the PVDF foams to enhance 

the polar β-phase content and thus local piezoelectric effect. The experimental results and 

theoretical analysis showed that the existence of polar phase and local piezoelectric effect 
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significantly improved the acoustic absorption coefficient of PVDF polymer foams. In addition to 

the conventional visco-inertial, thermal and materials damping effects, the thin and polar struts of 

PVDF foams with polar phase and local piezoelectric effect may further enhance the mechanical 

damping by converting the excited mechanical vibration to electricity through the local 

piezoelectric effect, and increasing the friction and viscous loss at the fluid-solid interface with the 

presence of electrical charges. Thus, the open-cell polymer foams with high content of polar phase 

and local piezoelectric effect has great potential for passive airborne noise mitigation applications. 

See supplementary material for experimental details of foam preparation and 

characterization.  
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