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Abstract—Recent research has focused on developing air-

coupled transducers for use in industrial flow measurement 

applications. Optimal performance of ultrasonic transducers is only 

achieved with maximum energy transfer. Unfortunately, the 

significant acoustic impedance mismatch between the active layer 

and the load medium (i.e. air) in sensors reduces considerably the 

effective ultrasonic energy transmission and reception, with most of 

the energy reflected at the interface. Improved matching layers with 

an appropriate acoustic impedance and attenuation coefficient as 

low as possible can significantly improve the power efficiency and 

sensitivity of devices, decreasing energy loss by scattering. The aim 

of this research is to evaluate novel acoustic materials for use in a 

new ultrasonic transducer assembly process involving cost effective 

advanced manufacturing methods. More efficient and consistent 

signal shapes could be achieved by substituting current matching 

layers (e.g. syntactic foams) with new materials. Nanocomposite 

foams can be obtained via cost effective extrusion/moulding 

processes where microbubbles are formed inside the polymer when 

heated above a certain temperature. The reduction in density affects 

acoustic impedence, ultimately creating light passive layers for 

ultrasonic applications manufacturable in high volumes. 

Keywords— nanocomposites, chemical foaming agent, 

extrusion, foaming, injection moulding, air-coupled transducers, 

acoustic impedance, attenuation at resonance frequency 

 

I. INTRODUCTION  

Ultrasonic transducers are key components for distance, 
flow and level measurement as well as in power, biomedical and 
other applications of ultrasound [1]. Research has focused on 
developing non-contact air-coupled transducers, efficient and 
reliable for use in practical industrial applications for flow 
detection [2]. Currently, air-coupled ultrasonic transducers are 

utilized for many purposes in industry, including in 
measurement applications [3].  

Passive materials have an important role in the performance 
of transducers, in addition to the active material, for enhancing 
energy transfer and preventing unwanted resonances in the 
transducer [4]. A suitable matching layer inserted in front of the 
transducer can lead to increased bandwidth and enable effective 
energy transfer, meeting the expectations of most applications 
requiring a transducer with a broad bandwidth and low loss [5]. 
The matching layer is therefore a critical component for the 
performance of high sensitivity transducers [6]. More efficient 
and consistent signal shapes could be achieved by substituting 
the materials currently used (e.g. syntactic foams) while 
obtaining a wider operating frequency range for such sensors.  
In material selection for transducer design, in addition to cost 
and several other material properties to take into consideration 
(e.g. elastic constants, machinability), acoustic impedance and 
attenuation are the most important material parameters for the 
passive materials [5].  

The aim of this work is to produce novel passive materials 
for ultrasonic applications that are superior in performance as 
well as cost effective to manufacture. 

The design of a new air-coupled ultrasonic transducer assembly 
process, based on polymer manufacturing methods for the 
passive layers, can lead to cost effective, sustainable and reliable 
manufacture of ultrasonic devices, expected in industrial 
applications such as fiscal gas flow measurement.  
Most thermoplastic nanocomposite foams to date are 
synthesized via a two-step process [7], namely mixing and a 
moulding steps. The pores are formed during the moulding 
process [8]. The mostly common method used for large-scale 
production of foams is the direct utilization of foaming (or 
blowing) agents to form the gaseous phase during the foaming 
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process [9]. A chemical blowing agent (CBA) is a reactive 
species that liberates a blowing gas (e.g. CO2, H2O, NH3) in the 
foaming process under thermal decomposition [10]. The release 
of the gas causes the expansion of the polymer and reduces the 
density, as the volume of voids formed replaces the original 
material. Consequently, reductions in density are proportional to 
the concentration of the chemical blowing agent. 

In this preliminary study, raw materials in powder form (high 
density polyethylene, different loadings of multi-walled carbon 
nanotubes acting as reinforcing material and a chemical foaming 
agent) were dry blended and melt mixed using a 16mm co-
rotating parallel twin-screw extruder followed by injection 
moulding into disk shaped test specimens (25mm diameter x 
1.65mm thickness). Ultrasonic air-coupled measurements 
through transmission were performed using an experimental 
setup to determine both the velocity and attenuation coefficient 
of ultrasound in the foamed materials by frequency-domain 
analysis. Selection of suitable materials for matching layers to 
insert into the sensor constructs can be possible whether eligible 
acoustic impedance values are obtained. 

 
 

I. EXPERIMENTAL SECTION 

A. Materials and Samples Preparation 

High-density polyethylene resin (HDPE), grade HMA 025, 

with a melting point of 135 °C, density of 0.964 g cm-3 and a 

melt flow index (MFI) of 8 g/10 min at 190 °C/2.16 kg was 

purchased from ExxonMobil in pellet form. Non-functionalized 

commercially available thin multi-walled carbon nanotubes 

(MWCNTs) produced by catalytic carbon vapor deposition 

(CCVD), with an average diameter of 9.5 nm and average 

length of 1.5 𝜇m (grade NC7000, purity: > 90%) were 

purchased from Nanocyl S.A., Belgium and used as received. 

The density of the MWCNTs was reported as 1.75 g/cm3 [11], 

with a surface area of between 250 and 300 m2/g [12]. 

Hydrocerol Compound (OXABRG20930), with density of 1.7 

g/cm3, activation temperature of 160 ̊ C and thermal gas yield 

of ca. 140 cm3/g gas), was purchased from Clariant in powder 

form.  

HDPE pellets were first ground to a fine powder (𝜇m 

diameter particles), using a SPEX® SamplePrep Freezer Mill 

6870 (Stanmore, UK) and dried in a vacuum oven prior to 

processing to improve dry mixing between the polymer matrix 

and the filler. Composites materials were prepared by dry 

blending the raw materials (HDPE, different loadings of 

MWCNTs and the CBA) in powder form. The reinforcing 

material (MWCNTs) was loaded into the HDPE matrix 

according to the following percentages: 0.01 wt% (̴ 0.01 vol%), 

0.1 wt% (̴ 0.06 vol%), 0.3 wt% (̴ 0.17 vol%), 0.5 wt% (̴ 0.28 

vol%), 1 wt% (̴ 0.55 vol%), 3 wt% (̴ 1.68 vol%), and 5 wt% ( ̴

2.82 vol%). Loadings of 1 wt% and 4 wt% of the chemical 

foaming agent were admixed to composites and to pure HDPE 

as a control. Melt mixing of the materials was realized in a 

16mm co-rotating parallel twin-screw extruder (PRISM 

ThermoFischer Scientific), with a temperature profile along the 

barrel from 160 (at feeding zone) to 175 °C (die zone) and a 

screw speed of 80rpm. Screw speed, which controls the 

pressure, and profile temperature are the operating variables in 

the extruder.  
The molten extruded strands of composites with foaming agent 

added exiting the extruder die in the form of filaments were 

immediately cooled in a water bath and pelletized through a 

laboratory pelletizer.  

After being dried, these pellets were injection moulded using a 

piston injection moulding system Thermo-Scientific Haake™ 

MiniJet Proto to produce circular disks of 25 mm diameter and 

1.65 mm thickness. Specimens were used for Scanning Electron 

Microscopy (SEM) imaging of foam microstructure and further 

acoustic measurements. During the injection process, machine 

parameters were adjusted, repeatedly, for optimization of the 

foaming conditions. Therefore, different working conditions 

were investigated. Final moulding settings were developed with 

mould holder temperatures between 60 ̊ C and 80 ̊ C, 

temperatures in the harvesting cylinder between 160 ̊ C and 

170  ̊C, injection pressures between 450 bar and 600 bar, time 

of applied pressures between 6 and 10 seconds, post injection 

pressures between 200 bar and 250 bar and time of post 

pressures between 5 and 10 seconds. Injection pressures 

between 200 bar and 250 bar and time of post pressures between 

5 and 10 seconds. 

 

B. Morphological and Acoustic Characterization 

The porous microstructure of cross sections of foamed 

specimens were examined using a Zeiss sigma field emission 

SEM fitted with a Gemini column. For measurements using the 

InLens detector, a working distance of 2.5 mm was used and an 

acceleration voltage of 3 kV. Prior to imaging, the sample disks 

were cryo-fractured using a hammer, by placing them in a liquid 

nitrogen bath for about ̴ 5 hours. The fractured surface was 

mounted on an aluminium SEM stub and sputter coated (̴ 10 

nm) using an Au/Pt metal target (Cressington 108 auto) under 

a weak argon atmosphere. 

Ultrasonic air-coupled measurements through transmission 

were performed using an experimental setup to determine both 

the velocity and attenuation coefficient of ultrasound in the 

foamed materials by frequency-domain analysis. The 

experimental setup is showed in Fig.1. 

 

Fig. 1. Experimental setup employed for the ultrasonic air-coupled 

measurements (located in the “Instituto de Acustica CSIC”, Madrid, Spain). 
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A pair of specifically designed air-coupled piezoelectric 

transducers (center frequency of 673 KHz) was employed in the 

set-up for efficient transmission and/or reception from the air to 

the disk sample and vice versa. An airborne ultrasonic pulse 

was set to impinge normally on the sample surface and the 

through-transmitted signal is received and analyzed. The 

normal incidence ensured the maximum amplitude of the 

signal, while allowing for plane wave in order to neglect the 

diffraction effects of the sound beam. An optimal distance (ca. 

2 cm) was fixed between transducers and sample for a clear 

signal and a good signal-to-noise ratio (SNR). The frequency 

domain investigated in the measurements [0.4MHz - 1.1MHz] 
enabled the observation of the resonance peak, as the air-

coupled ultrasonic technique, described in detail in [13-15], 

relies on the first resonance peak of the sample plate. The 

analysis of the amplitude and phase of the ultrasonic 

transmission coefficient in the vicinity of the first thickness 

resonance allowed for the determination, simultaneously, of 

velocity and attenuation coefficient of the ultrasound in the 

material and thickness of the solid plate. Ultimately, a 

theoretical model (one-dimensional model) of the transmission 

of ultrasonic waves was applied for a best fitting of the 

experimental measurements with theoretical calculations, 

which required specific characteristics of the samples for the 

outcome of the measurement (i.e. isotropic and homogeneous 

materials with plane and parallel surfaces and uniform 

thickness). 

II. RESULTS AND DISCUSSION 

Cryo-fractured surfaces of the specimens were observed 

via SEM scans under high magnification to determine the 

quality of the foams. Micrographs of the cross section surfaces 

of the foamed HDPE and foamed composites at different 

MWCNT contents, obtained under different foaming 

conditions, were analyzed. Comparisons between the materials 

upon additions of 1 wt% CBA and 4 wt% CBA were made.  

Four examples of cell morphologies obtained are presented 

below in Fig. 2.                                                                                                                     

Despite obtaining a foamed structure for the samples, 
detectable from the presence of cellular voids within the 
materials, these pores are not regular, suggesting a poor level of 
porosity upon addition of 1 wt% and 4 wt% of CBA and, 
consequently, poor quality of the extruded foam. There are 
several possible explanations for structure obtained. Firstly, the 
yield of gas may not be sufficient to produce a uniform 
distribution of pores. This is also complicated as foaming is a 
diffusion controlled process and the viscosity of HDPE in the 
molten state is higher than most polymers. The solubility of the 
gas produced for the polymer must also be considered. Finally, 
great care must taken to ensure there is no foaming during the 
extrusion step, critically foaming should all take place during the 
moulding step.  

The velocity and attenuation coefficient of ultrasound in the 
samples produced were obtained by frequency-domain analysis 
through ultrasonic air-coupled measurements in transmission. 
Results are summarised in table 1. 

 

TABLE I.  ACOUSTIC PROPERTIES OF VARIOUS PLASTIC FOAMED 

SAMPLES OBTAINED UNDER DIFFERENT PROCESSING CONDITIONS AND, 
MWCNT AND CHEMICAL BLOWING AGENT LOADINGS. SAMPLES DISKS OF 

CONVENTIONAL MATERIALS COMMERCIALLY IN USE (A SYNTACTIC FOAM AND 

A COMMERCIAL MATCHING LAYER) WERE ALSO ANALYSED AND USED AS 

BENCHMARKS 

 

As can be seen form Table 1, the acoustic impedances in 

this preliminary investigation are still too high (≥ 2.2 MRayl) 

if compared with the benchmark samples (syntactic foam and 

commercial matching layer) and need to be lower. A reduction 

in density was not obtained, confirming the poorly controlled 

level of porosity obtained during the foaming process using the 

processing parameters given above. However, resistant 

polymer materials with very low attenuation coefficients (≤ 16 

Np/m) were obtained, which is a positive finding in allowing 

more freedom to increase the pores size. Further optimization 

of the foaming processing is required to increase the pore (cell) 

density and control the level of pore uniformity.  

 

III. CLOSING REMARKS 

In this preliminary investigation novel nanocomposite 

foamed materials with potential for improved passive layers in 

 

Fig. 2. SEM cross section of disk samples with porous microstructure 
obtained after the addition of CBA (loadings of 1 wt% and 4 wt%) in the 
foaming process. For brevity, only samples of HDPE and HDPE filled with the 
highest content of MWCNTs investigated (5 wt%) are reported.  
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air-coupled ultrasonic transducer applications were produced 

using scaleable, high-volume manufacturing techniques. 

Resistant polymer materials with low attenuation coefficients 

(≤ 16 Np/m) were obtained. However, acoustic impedances of 

these materials were higher (≥ 2.2 MRayl) than that required 

and need to be lowered. A reduction in density was not obtained 

suggesting a poorly controlled level of porosity, i.e. the foaming 

process.  

The processing conditions employed for the foaming 

processing control the foam properties obtained, including 

foam density, porosity and cell morphology (i.e. cell size and 

cell size distribution), and therefore, the acoustic and 

mechanical behavior of the final materials. 

Further work is on-going to determine the optimum processing 

conditions to produce the foam structure(s) required as well as 

concentrations of CBA so as to control the level of porosity. 

The melt viscosity of the material within the extruder may need 

to be modified to achieve the foam structure required.  
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