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Abstract: A polyurethane/poly(vinylidene fluoride)/multi-walled carbon nanotubes  

(PU/PVDF/MWCNT) (83/15/2) composite foam was designed and fabricated. The foam exhibited 

high airborne sound absorption performance in a wide frequency range. The sound absorption 

coefficient reached the value of 0.85 at 1 kHz, which is a significant improvement over PU foam. 

It was found that PVDF formed a separate immiscible phase and part of it was crystallized in a 

polar phase in the PU scaffold in the PU/PVDF/MWCNT composite, which could benefit the 

sound absorption performance by introducing interfacial damping and local piezoelectric damping 

effects. The introduction of the conductive MWCNT filament in the composite foam further 

improved sound absorption, possibly by facilitating the dissipation of the electrical charges 

generated from local piezoelectric effect and enhancing both the interfacial damping effect and 

local piezoelectric damping effect. With PU as the main ingredient, the fabrication scalability of 

the foam can be improved with significantly reduced material and production cost in comparison 

with PVDF foam. 
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1. Introduction 

Noise reduction in urban areas has been an outstanding engineering challenge for many years 

with increasing industrialization creating sources of noise which adversely affect living quality 

and health of people.1,2 The most common method of reducing environmental noise hazards has 

been the implementation of porous structures to absorb air-borne noise.3,4 Porous materials 

attenuate noise mainly by transforming the mechanical acoustic energy to heat.5 Polymeric porous 

materials for acoustic absorption have been dominating the construction and automotive industries 

because of their strong viscoelastic response, low cost, simple processing, and easy 

implementation.6-8  

Polyurethane (PU) has been widely used to make foams for sound absorption due to its low 

cost, wide availability, and versatility as a polymer.9,10 However, absorbing low frequency noise 

with acoustic foams has always been a challenge for both the academic community and 

industry.4,11 For this reason, additives have been used to make composites of PU foam to improve 

their sound absorption performances. For example, the addition of nano-silica content was reported 

to improve the sound absorption over a wide frequency range, where the improvement was 

attributed to the polymer chain slipping at the PU/nano-silica interface.12 The addition of 

magnesium hydroxide fillers in PU foams also showed an increase in lower frequency sound 

absorption, where it was thought that the fillers worked as internal inclusions to dampen the 

acoustic waves.13 In a similar fashion, the addition of polymer particles in PU foams was reported 

to increase the lower frequency sound absorption due to the vibration of particles in the lower 

frequency range.14 In an effort to decrease the use of petrochemicals, natural fibers and waste were 

used as additives 15-19 including adding tea leaf fibers for increasing the sound absorption property 

in a wide frequency range, and bamboo leaves for increasing the lower frequency sound 
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absorption. The mechanism discussed for that increase was the scattering of the sound waves due 

to the fibers. Rice hull and textile waste were also reported for increasing the sound absorption 

property of PU foam over a wide frequency range.  

Lastly, it was attempted to add carbon nanotubes (CNTs) and graphene to PU in order to 

enhance the acoustic damping.20-22 In the case of CNTs, the increase of sound absorption was 

attributed to the increase in the mechanical loss modulus of the foams, while for the PU-graphene, 

the interfacial sliding at the interface of the two materials was thought as the reason for the extra 

energy dissipation for improved sound absorption.  

Recently, open-cell semi-conductive polar polyvinylidene fluoride (PVDF) foams exhibited 

superior airborne sound absorption performance due to the hybrid local piezoelectric and 

conductive functions.23,24 These foams showed excellent sound absorption performance, however 

PVDF foam is relatively expensive for the raw material procurement and mass production of this 

foam. In this work, a combination of multiple sound absorption mechanisms was explored for 

achieving the effectiveness over a wide frequency range in an acoustic foam that is easily mass 

produced at low cost. Specifically, a PU/PVDF/MWCNT composite foam was designed in order 

to utilize the low material cost and processing scalability of PU foam, and to enhance the acoustic 

absorption effect associated with addition of the PVDF and MWCNT. The PU/PVDF/MWCNT 

composite foam samples were fabricated, characterized and demonstrated with superior acoustic 

absorption performance. 

2. Materials 

Polyvinylidene fluoride (PVDF) polymer with MW ~534,000 was obtained from Sigma 

Aldrich. Polyurethane (PU) precursor, PolyFoam F-3 (including Part A polymercic 
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methylenediphenyl diisocyanate (MDI) and other isomers; Part B, polyether polyol and proprietary 

copolymer), was obtained from Polytek Development Corporation. MWCNT, with a carbon purity 

of >95 wt%, outer diameter of 8-15 nm, and length of 10-30 μm, was from Mknano. 

3. Sample Preparation and Instrumentation 

To prepare the PU/PVDF/MWCNT composite foam, 15 wt% of PVDF and 2 wt% of MWCNT 

particles were first dispersed in the Part B of the PU precursor, followed by addition of Part A of 

the PU precursor. After rigorous mechanical stirring, the suspension was then transferred to a mold 

for foaming. After foaming, the composite was finally cured at 135 °C for 4 h in an oven.  

A field emission scanning electron microscope (FESEM, JSM-6700F, JEOL) with energy 

dispersive spectroscopy module (EDS, JED-2300F, JEOL) was used to examine the morphology 

and composition. The structure of the composite foam was analyzed with both Fourier transform 

infrared spectroscopy (FTIR, Bruker Vertex 80), with scan recorded over a range of 900–1600 cm-

1 at 4 cm−1 resolution and X-ray diffraction (D8-ADVANCE, Bruker AXS, GmbH, Karlsruhe, 

German) with X-Ray wavelength of λ=1.542 Å (Cu-Kα).  The phase transition of the composite 

was inspected for evaluating possible miscibility using differential scanning calorimetry (DSC 

Mettler Toledo).  Electrical impedance of the samples at different frequency was measured with 

an impedance analyzer (Agilent 4294A). Sound absorption coefficient of the samples was 

measured according to the ASTM E1050-08 procedure through an acoustic tube (Bruel & Kjaer 

7758). Piezoresponse force microscopy (PFM Asylum Research MFP-3D) were carried out using 

Pt/Ir-coated tip to examine the polarity and local piezoelectric response of the foams.  

4. Results and Discussion 
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Figure 1 presents the sound absorption coefficient for PU/PVDF/MWCNT (83/15/2) composite 

foam sample in low frequency range of 100-1600 Hz, in contrast to PU, PVDF and PU/PVDF 

(85/15) samples. All the samples have the same thickness of 25 mm and diameter of 100 mm with 

no air cavity behind the foam samples. As shown in Figure 1, the PU/PVDF/MWCNT composite 

foam exhibited the improved performance property over other samples, with the highest sound 

reduction index of   XXX. The PVDF foam had the second highest sound absorption performance,  

with the sound reduction index of XXX, and PU foam had the lowest sound reduction index of 

XXX, while the PU/PVDF foam’s sound absorption performance was between the PU and PVDF 

foams with sound reduction index of XXX. The relationship of the sound absorption performance 

and composition is interesting, and will be discussed later.  

 

Figure 1. Sound absorption coefficient of PU/PVDF/MWCNT composite foam, in contrast to PU, 

PVDF and PU/PVDF foam samples. 

Figure 2 shows the morphology of the different foam samples with their corresponding pore size 

distributions. The pore size was mainly determined by the formation reaction of the PU foam. All 

samples are highly porous with open pore structure and pore size averaging around 120-150 μm. 
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The introduction of the PVDF or the MWCNTs had no significant effect on the morphology or the 

pore size of the foams.  

 

Figure 2. FESEM micrographs and corresponding pore size distribution of (a) PU foam, (b) 

PU/PVDF foam, and (c) PU/PVDF/MWCNT composite foam. 

FESEM with high magnification and EDS analysis for the PU/PVDF/MWCNT composite foam 

showed that there were 2 distinct phases in the material. As presented in Figure 3, there was a 

rough grainy phase with F composition that corresponds to the PVDF phase while the smoother 
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phase without F composition corresponds to the PU scaffold. C composition was high everywhere 

as all the PU, PVDF and MWCNT contain C element. The results indicated that PU and PVDF 

were immiscible in the composite foam.  

 

Figure 3. FESEM image with EDS analysis for the PU/PVDF/MWCNT composite foam that 

shows two immiscible phases in the material 

Further validation of the immiscibility of the two polymers could be obtained from the DSC 

results, as shown in Figure 4. The melting point of the PVDF was observed at 160 °C in the heating 

curves for both the pure PVDF and immiscible PU/PVDF/MWCNT composite foams. However, 

in the cooling run of the DSC analysis, the crystallization peak of the PVDF was observed at 

126 °C in the pure PVDF foam, substantially higher than 115 °C for the composite foam, which 

was possibly due to the more homogeneous mixing in the liquid phase composite after melting.  
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Figure 4. DSC results for PVDF, PU and PU/PVDF/MWCNT composite foams in the cooling 

and heating runs. 

PVDF can crystalize in five different phases with different conformations, designated as all 

trans (TTT) for β phase, TGTG for α and δ phases, and T3GT3G for γ and ε phases. Among them, 

β phase has the highest electrical polarity. The characteristic FTIR absorption peaks for the α phase 

in PVDF include one at 976 cm-1,while the β phase corresponds to 1275 cm-1.25,26 

As the PVDF in the composite was only 15% by weight, the peak intensity of both α and β 

phases of PVDF was expected rather low. As shown in Figure 5, the FTIR spectra for the 

PU/PVDF and PU/PVDF/MWCNT composite foams showed small but evident peaks at 1275 cm-

1 attributed to β phase of PVDF in contrast to the spectrum of PU. In the meantime, no any notable 

peak was present at 976 cm-1 corresponding to α phase for the PU/PVDF and PU/PVDF/MWCNT 

composite foams. The observations here indicated that the small amount of PVDF in the foams 

existed mainly as the polar β phase rather than α phase for the PU/PVDF and PU/PVDF/MWCNT 

composite foams.  
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Figure 5. FTIR spectra for PU, PU/PVDF and PU/PVDF/MWCNT composite foams. Marked 

peaks are characteristic to α and β phases of PVDF, respectively. 

To examine the crystalline phases in the composite, XRD measurements were conducted. As 

shown in Figure 6. the PU/PVDF/MWCNT composite foam sample exhibited peaks corresponding 

to the α phase at 18.1° (020), 19.9° (110) and also corresponding to the β phase at 20.3° (110) of 

the PVDF. The PU/PVDF composite showed lower level of crystallinity while the PU is 

amorphous. The XRD results showed that the crystallinity for both the non-polar α phase and polar 

β phase was substantially enhanced in the PU/PVDF/MWCNT composite with the addition of 

MWCNT.   
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Figure 6. XRD spectra for PU, PU/PVDF and PU/PVDF/MWCNT composite foams. Marked 

peaks are characteristic to α and β phases of PVDF, respectively. 

The presence of polar phase in the composite foams was further examined with PFM, in which the 

amplitude and phase images were scanned under 6 V alternating voltage (AC) at 10 kHz. A suitable 

high AC voltage helps to improve the resolution for conventional PFM imaging. In order to make 

the foams suitable for PFM measurements, they were compressed using a hydraulic press under 5 

metric tons, resulting in denser thin films with a thickness of ~0.9 mm and smoother surface to 

facilitate the measurement. PFM amplitude and the corresponding phase images are shown in 

Figures 7 (a), (c), and Figures 7 (b), (d) respectively, for the PU and PU/PVDF/MWCNT samples. 
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Figure 7. PFM results for amplitude (a, c) and phase (b, d) for the PU and PU/PVDF/MWCNT 

foams respectively. 

Figures 7 (a) and (b) show no response difference in the amplitude or the phase for PU, since it 

has no polar phase with any piezoelectric response. In contrast, as can be seen in Figures 7 (c) and 

(d), the addition of PVDF in the PU matrix resulted in some areas with higher amplitude of 

vibration, which could indicate the region of the PVDF polar β phase with local piezoelectric 

response in the PU/PVDF/MWCNT composite. Previous FESEM and DSC results showed PVDF 

and PU are immiscible in the composite. 

The addition of PVDF and MWCNT also had an effect on the electrical impedance of the foam 

samples. As shown in Figure 8, the addition of PVDF and MWCNT decreased the impedance of 

the PU foams, which made the materials more conductive.  
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Figure 8. Electrical impedances for the PU, PU/PVDF, and PU/PVDF/MWCNT foams. 

As we have shown, PVDF forms a separate immiscible phase in the PU scaffold in the 

PU/PVDF/MWCNT composite which could benefit the sound absorption performance of the 

composite foam in two ways. Firstly, the introduction of PVDF creates interfaces between PVDF 

and the PU that will increase the mechanical loss factor of the foam, which will affect the acoustic 

impedance which in turn increases the sound absorption because of the slipping or other increased 

damping effect at the interfaces.13,27 Secondly, the polar β phase may provide a localized 

piezoelectric effect as an additional mechanism for sound absorption. Due to high leakage and 

difficulty in electrical poling, measuring piezoelectric effect in the macro-scale is difficult. 

However, the piezoelectric effect was probed in the micro-scale with PFM. As established in 

previous work 23, the introduction of the conductive MWCNT filament in the foam might facilitate 

the dissipation of the electrical charges generated due to the local piezoelectric effect and thus 

improve the sound absorption. In addition, introduction of MWCNT also substantially enhanced 

the crystallinity of PVDF, which potentially contributed to the improved sound absorption by 
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increasing both the interfacial effects and local piezoelectric effects. At this stage, it is difficult to 

separate and quantify the contributions from each of the multiple effects to the observed sound 

absorption improvement.   

5. Conclusion 

A PU/PVDF/MWCNT (83/15/2) foam with open pore structure and average pore size of 120-150 

μm was designed and fabricated. The foam exhibited high airborne sound absorption performance 

in a wide frequency range from 400 to 1400 Hz. The sound absorption coefficient reached the 

value of 0.85 at 1 kHz, which is a significant improvement over 0.4 for conventional PU foam. It 

was found that PVDF formed a separate immiscible phase and contained polar phase in the PU 

scaffold in the PU/PVDF/MWCNT composite, which could benefit the sound absorption 

performance by introducing an interfacial damping effect and a local piezoelectric damping effect. 

The introduction of the conductive MWCNT filament in the composite foam further improved 

sound absorption, possibly by facilitating the dissipation of the electrical charges generated from 

local piezoelectric effect and enhancing both the interfacial damping effect and local piezoelectric 

damping effect. With PU as the main ingredient of the composite, the fabrication scalability of the 

foam can be improved with significantly reduced material and production cost in comparison with 

PVDF foam. 
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